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The independent evolution of males and females is potentially constrained by both sexes inheriting the same alleles from their
parents. This genetic constraint can limit the evolvability of complex traits; however, there are few studies of multivariate evo-
lution that incorporate cross-sex genetic covariances in their predictions. Drosophila wing-shape has emerged as a model high-
dimensional phenotype; wing-shape is highly evolvable in contemporary populations, and yet perplexingly stable across phyloge-
netic timescales. Here, we show that cross-sex covariances in Drosophila melanogaster, given by the B-matrix, may considerably
bias wing-shape evolution. Using random skewers, we show that B would constrain the response to antagonistic selection by
90%, on average, but would double the response to concordant selection. Both cross-sex within-trait and cross-sex cross-trait
covariances determined the predicted response to antagonistic selection, but only cross-sex within-trait covariances facilitated
the predicted response to concordant selection. Similar patterns were observed in the direction of extant sexual dimorphism in
D. melanogaster, and in directions of most and least dimorphic variation across the Drosophila phylogeny. Our results highlight
the importance of considering between-sex genetic covariances when making predictions about evolution on both macro- and
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microevolutionary timescales, and may provide one more explanatory piece in the puzzle of stasis.
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The evolvability of a population is determined by the amount of
genetic variation in the traits that are targets of selection. Genetic
variation has been found for almost every individual trait (Bar-
ton and Partridge 2000; Blows and Hoffmann 2005; Walsh and
Lynch 2018). However, much of this variation may not be useful
to selection because of linkage disequilibrium, in the short term,
or pleiotropy in the long term. Pleiotropy produces covariation
among traits, orienting new genetic variation that arises from mu-
tation (Houle and Fierst 2013; McGuigan et al. 2015; Hine et al.
2018), and standing genetic variation (Walsh and Blows 2009),
into a smaller number of multivariate trait combinations. This may
leave other multivariate trait combinations with little genetic vari-
ation (Kirkpatrick 2008; Gomulkiewicz and Houle 2009). Since
Lande (1979) proposed the multivariate breeder’s equation, the
role of genetic variances and covariances, summarized in the G
matrix, in shaping the response to selection has been widely ex-

B-matrix, constraint, evolvability, G-matrix, sexual dimorphism, stasis.

plored (e.g., Blows and Hoffmann 2005; Hansen and Houle 2008;
Walsh and Blows 2009). Using this framework, we can predict
which multivariate trait combinations are constrained because
of limited genetic variation. Constraints will most often lead to
multivariate selection responses that are stochastic (Hine et al.
2014), slow, or biased toward directions of most genetic variation
(Schluter 1996; Chenoweth et al. 2010). In contrast, when selec-
tion targets those trait combinations with high levels of genetic
variation, the response to selection in a particular trait may be aug-
mented beyond that expected from a univariate model (Agrawal
and Stinchcombe 2009).

Most studies of constraint have considered the role of G with-
out regard to sex. However, both selection and genetic variation
can differ between the sexes, resulting in more complex effects
of G during adaptation. In many cases, selection will be sexually
antagonistic, favoring different equilibrium phenotypes in males
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and females. Therefore, we also need to consider the covariances
between traits expressed in different sexes as potential sources of
constraint. The divergence of sexually homologous traits seems
particularly likely to be constrained because of the shared alle-
les that underlie them. This may make it difficult for one or both
sexes to achieve their fitness optima, resulting in intralocus sexual
conflict (Bonduriansky and Chenoweth 2009; Cox and Calsbeek
2009). Theory predicts that sexual conflict is a frequent byprod-
uct of adaptation in species with separate sexes, regardless of the
form of selection on each sex (Connallon and Clark 2013). When
selection favors a different optimal trait value in each sex, and
there is insufficient genetic variation to allow each sex to reach
its optimum, mutations with similar phenotypic effects will tend
to improve the fitness of one sex, while hurting the other. Con-
versely, when selection is sexually concordant and mutations have
dissimilar effects on the two sexes it will be difficult to achieve
similar phenotypes, again creating antagonism in the effects on
fitness. More complex scenarios are also possible where there is
no permanent equilibrium level of dimorphism or conflict, sug-
gesting that the role of G will be important for both transient and
equilibrium sexual antagonism (Pennell et al. 2016).

There are many examples of intralocus sexual conflict, for
example, over locomotor activity in Drosophila (Long and Rice
2007), diet in crickets (Maklakov et al. 2008), and fitness itself
(Foerster et al. 2007; Collet et al. 2016; Wolak et al. 2018). How-
ever, the occurrence of sexual dimorphism in many species sug-
gests that intralocus sexual conflict can sometimes be resolved.
The empirical work on this topic has focused on the role of in-
tersexual genetic correlations for single traits. There are rela-
tively few studies that quantify constraints imposed by multivari-
ate cross-sex covariances (Steven et al. 2007; Barker et al. 2010;
Campbell et al 2010; Lewis et al. 2011; Gosden et al. 2012; Red-
diex et al 2013; Gosden and Chenoweth 2014; Ingleby et al. 2014;
Walling et al. 2014; Cox et al. 2017), despite the fact that bivari-
ate correlations rarely reflect the larger multivariate patterns of
covariance (Conner and Via 1993; Blows and Hoffmann 2005;
Hansen and Houle 2008; Walsh and Blows 2009).

Lande (1980) proposed a generalization of the multivariate
breeder’s equation to include differences in selection and inheri-
tance in the two sexes. The equation,

AZy | _ 1 |Gu B || Bn
AZ; | 2| B Grl||By

predicts the responses in males (Az,,) and females (AZ ). Simi-
larly, the selection gradient includes a vector for both males (8,,)
and females (8f). The expanded G matrix, Gy, includes the
symmetric within-sex (co)variances among traits for males and
females (G,, and Gy), and B, the covariances of homologous traits
expressed in both males and females. The diagonal elements of
B quantify the amount of genetic variation that is shared between
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the sexes for the same trait, whereas the off-diagonal elements
quantify cross-sex cross-trait covariances. Unlike G,, and G, B
is not necessarily symmetric. This reflects the fact that alleles can
differ in the amount of variation that they cause when expressed in
males versus in females (Gosden and Chenoweth 2014). All three
submatrices of G, affect the response to selection. Here, we focus
on the effect of B, which we can decompose into three parts. First,
biased selection responses could arise due to the shared genetic
variance between males and females for the same trait, repre-
sented by the diagonal elements of B. Second, the response may
also be affected by the off-diagonal elements of B, the covariances
between different traits, i and j, expressed in different sexes. We
can partition the off-diagonal of B into a symmetric component,
representing the shared cross-sex, cross-trait covariances that do
not depend on which sex expresses trait i or j, and an asymmetric
component representing the differences in covariance when trait
i is expressed in a male and j in a female, versus when trait i is
expressed in a female and j in a male.

Until recently, most studies have applied Lande’s (1980) ap-
proach to a single trait, and have focused on the standardized
intersexual genetic correlation 7, to infer the degree to which
sexual dimorphism can evolve (Lynch and Walsh 1998; Poissant
et al. 2009; Delph et al. 2011). Indeed, Poissant et al. (2009) re-
viewed 488 estimates of r,,; from 114 studies, all of which were
focused on a single trait. Half of the estimates were above 0.8,
suggesting that the evolution of sexual dimorphism may often be
constrained. Consistent with this, Poissant et al. (2009) found a
negative relationship between r,, and the degree of sexual di-
morphism; traits with large positive intersexual correlations were
less dimorphic while traits with small correlations showed a wide
range of dimorphism. Therefore, the evolution of sexual dimor-
phism may often be constrained by high intersexual correlations.
Inferences from studies of r,,, however, are limited for at least
three reasons. First, studies have tended to focus on sexually di-
morphic traits that are generally expected to experience sexually
antagonistic selection. For example, of the 395 studies with esti-
mates of sexual dimorphism that Poissant et al (2009) reviewed,
67% of traits were dimorphic by 10% or more. Second, one can-
not say from an r,,; value and an estimate of sexual dimorphism
whether there is ongoing sexual conflict. Third, as highlighted
earlier, a single-trait approach overlooks multivariate genetic co-
variances between traits that are expressed in both sexes, which
are fundamental for predicting responses to multivariate selection
(Wyman et al. 2013).

A growing number of studies have incorporated multivari-
ate cross-sex covariances in evolutionary predictions, utilizing
Lande’s (1980) extension of the multivariate breeder’s equation.
These studies have tended to focus on visibly dimorphic (Lewis
et al. 2011; Gosden et al. 2012; Ingleby et al. 2014; Cox et al.
2017) and sexually selected traits (Gosden et al. 2012; Ingleby
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et al. 2014; Cox et al. 2017). In almost every case, B potentially
limits the response to antagonistic selection by biasing both the
magnitude (Lewis et al. 2011; Ingleby et al. 2014; Cox et al.
2017) and direction (Lewis et al. 2011; Gosden et al. 2012) of
the predicted response to estimated selection vectors or to ran-
dom selection vectors. The role of B in biasing predicted evo-
lutionary responses in traits that are not known or expected to
experience sexually antagonistic selection has been quantified by
only two studies. Cox et al. (2017) showed that B had little ef-
fect on the predicted response to selection in random directions,
and Holman and Jacomb (2017) showed that B facilitated the re-
sponse to sexually concordant selection. Therefore, B may have
an equally important role in facilitating the response to selection.
Indeed, an analysis of 424 selection gradient estimates by Cox and
Calsbeek (2009) found that selection was sexually concordant in
59-83% of the estimates, and a formal meta-analysis of these
data similarly found that 75-88% of the estimates were sexually
concordant (Morrissey 2016). If we focus only on visibly dimor-
phic and sexually selected traits, we may be missing the larger
effect of B on evolutionary trajectories for most traits in most
populations.

In some studies, B appears to affect the response in females
more than it does in males (Lewis et al. 2011; Gosden et al. 2012;
White et al. 2018), which may be a consequence of stronger
directional selection acting on male traits and stronger stabilizing
selection on female traits (Wyman and Rowe 2014). Sex-specific
responses can also differ when selection acts in the same way
between the sexes, as a consequence of asymmetry in B, G, or
Gy. Asymmetry is a common feature of B (Steven et al. 2007;
Barker et al. 2010; Lewis et al. 2011; Gosden and Chenoweth
2014; Walling et al. 2014; Ingleby et al. 2014); however, only
one study has directly quantified the proportion of covariance
that is asymmetric, finding a range from 10 to 40 % depending
on the population studied (Gosden and Chenoweth 2014). No
one has attempted to quantify how much of the predicted bias in
evolutionary responses that are caused by B is due to the three
components of B: the diagonal elements and both the symmetric
and asymmetric components of the off-diagonal elements.

Here, we estimate B and characterize its evolutionary con-
sequences for a high-dimensional set of sexually homologous
wing-shape traits of D. melanogaster. Wing shape in Drosophila
has become a model system for the study of high-dimensional
phenotypes (Houle et al. 2003, 2010), and genetic constraints.
Several analyses have demonstrated the presence of genetic vari-
ation in all multivariate combinations of wing-shape traits for
males and females separately (Mezey and Houle 2005; Houle and
Meyer 2015; Sztepanacz and Blows 2015), suggesting that wing
shape may be evolvable in all directions. Selection experiments
in the lab support this, with rapid evolution often observed in
response to artificial selection on wing-shape (e.g., Weber 1990;

Pélabon et al. 2010; Bolstad et al. 2015). Despite the correlative
and manipulative evidence for high evolvability of wing-shape
in contemporary populations, wing-shape is remarkably stable
across the Drosophila phylogeny (Houle et al. 2017). Compared
to many other insect species Drosophila wings are not very sexu-
ally dimorphic (Gidaszewski et al. 2009). We do not know whether
the relative lack of dimorphism and the remarkable evolutionary
stasis that we observe in Drosophila wings are due to selection or
due to multivariate genetic constraints. In an experiment where
evolution was only allowed to proceed through males, individ-
ual wing-shape traits in D. melanogaster evolved to be more male
like and in the direction of extant sexual dimorphism. Males in the
evolved populations experienced a fitness benefit while females
experienced a cost, providing evidence for intralocus sexual con-
flict (Abbott et al. 2010).

To address these unanswered questions, we use our estimate
of B to characterize how multivariate, cross-sex covariances af-
fect the evolvability of a population of D. melanogaster across
the entire phenotypic space and in the direction of extant sexual
dimorphism. We also identify how B constrains the divergence in
sexual dimorphism among 75 species of Drosophila. Specifically,
we quantify how the three components of B constrain or facilitate
the predicted responses to multivariate selection.

Methods

EXPERIMENTAL DESIGN

The analyses presented here were performed on a previously
published data set; the detailed methods of the experiment
can be found in Mezey and Houle (2005). Briefly, using a
laboratory population initiated from 140 isofemale lines, a series
of half-sibling breeding experiments were carried out over 36
temporally replicated blocks with an average of five sires per
block. Each sire was mated to four or five virgin dams, and dams
were allowed to oviposit individually for 2 days in each of two
replicate vials. Upon eclosion, approximately five males and
five females from each replicate oviposition vial were collected.
One wing from each parent and each offspring were imaged
using an automated image analysis system (Houle et al. 2003)
and the x- and y-coordinates of 12 vein intersections (Fig. 1 in
Mezey and Houle 2005) were recorded. The data were aligned by
generalized Procrustes least squares superimposition, resulting in
an estimate of wing size, and size-adjusted x- and y-coordinates
that describe the relative displacement of each landmark from
the centroid. One degree of freedom is lost to estimate wing
size and three degrees of freedom are lost to standardize the
orientation of wing shapes. Therefore, there are a maximum of
20 variable dimensions in the aligned x-, y-coordinate data. These
coordinates capture variation in wing shape in units of centroid
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size. In total, the breeding design consisted of 175 sires, 803
dams, and 17,325 individuals of which there were approximately
equal numbers of males and females. Multivariate outliers of the
24 x-y-coordinates were identified using Mahalanobis distance,
and a total of 124 multivariate outliers (0.7% of the data set) were

removed prior to analyses. The phenotypic covariance matrix (P)
XX/

of the 24 x-y-coordinates was calculated as P = =

and pheno-
typic scores on the first 20 principal components of P that have

variation (Table S1) were used as traits in all subsequent analyses.

SEXUAL DIMORPHISM

The major axis of sexual dimorphism can be described by the
multivariate trait combination that differs the most in mean be-
tween males and females. To determine this trait combination,
we performed a linear discriminant analysis of the 20 principal
components of wing-shape with sex as the discriminant variable,
using the l1da function in the MASS package in R. The discrim-
inant function is the multivariate trait combination (vector) that
maximizes the separation between male and female wing shapes.
We obtained the error in the estimate of this multivariate trait com-
bination by bootstrapping the data at the level of sire 500 times,
and re-estimating the discriminant function for each sample of
the data. To visualize how this vector relates to the difference
in wing shape between males and females, we used the program
Lory (Marquez et al. 2012). We show the relative pattern of con-
traction and expansion in the original 12 x- and y-coordinates of
the average female wing, compared to the average male wing.
To determine whether there was genetic variation in the direction
of sexual dimorphism, and consequently the opportunity for flies
to evolve in this multivariate trait combination, we fit a linear
mixed effects animal model with a single response variable using
restricted maximum likelihood (REML) implemented in WOM-
BAT (Meyer 2007). The response variable was the phenotypic
scores of each individual in the pedigree on the point estimate
of the vector of sexual dimorphism. To test for the presence of
additive genetic variation, a likelihood ratio test with one degree
of freedom was used to compare the fit of a model that included
an additive genetic effect to one that did not.

Cross-sex genetic covariances may not only influence evo-
lutionary trajectories within populations but have the potential
to determine how species and sexes diverge from each other
over macroevolutionary timescales. We hypothesize that on a
macroevolutionary timescale, the most variable sexually dimor-
phic trait combination may be less constrained by the cross-sex
covariances described by B, enabling its evolution among species.
In contrast, the least variable trait combination may be more con-
strained by B. Here, we focus on the multivariate trait combina-
tion that varies the most in sexual dimorphism among 75 species
of Drosophila, and the multivariate trait combination that varies
the least in sexual dimorphism among these same 75 species
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(Table S2). To determine these multivariate trait combinations,
we used a multifactor discriminant approach that we describe in
detail in another paper (J. L. Sztepanacz and D. Houle unpubl.
data). Briefly, we fit a MANOVA with the 20 wing-shape traits as
response variables, and three predictors: a main effect of species,
a main effect of sex, and a species*sex interaction. We extracted
the sums-of-squares and cross product matrices for the species-
by-sex interaction (H) and the residual (E). The eigenvectors of
the matrix E~'H describe the multivariate trait combinations that
vary in sexual dimorphism among species. The leading eigenvec-
tor is the multivariate trait combination that varies the most in
sexual dimorphism among species, and the last eigenvector is the
trait combination that varies the least.

ESTIMATION OF GENETIC COVARIANCE MATRICES
The genetic variance-covariance matrix of the 20 variable princi-
pal component traits was estimated separately for each sex (males:
G, females: Gy) using REML implemented in WOMBAT. Each
trait was multiplied by 1,000 prior to analyses to aid in model
convergence. The multivariate linear model was:

y = XB8 + Ao’ + Io7, (1)

where y is the vector of phenotypic observations of all individuals
for all traits, X is a design matrix relating observations to fixed ef-
fects B, A is a design matrix relating observations to the additive
genetic effects A, and I is an identity matrix relating observa-
tions to the vector of residual effects E. The fixed effects were
experimental block and trait. Random effects were assumed to
be normally distributed and elements of A were further assumed
to be drawn from A ~ N(0, G ® A) where G is the additive
genetic covariance matrix for the 20 traits and A is the numerator
relationship matrix. Elements of E were assumed to be drawn
from E ~ N(0, R ® I) where R is the residual covariance matrix
and I is an identity matrix. The dimensionality of each covari-
ance matrix G,, and Gy was determined using log-likelihood ratio
tests for nested reduced rank models (Hine and Blows 2006), and
Akaike’s Information Criterion corrected for small sample size
(AICc). To formally determine whether G,, and Gy differed from
each other, we fit the multivariate linear model from Equation (1).
However, we fixed the starting values of G,, at the best estimate
of Gy and maximized the likelihood of the model with respect to
these fixed values. A log-likelihood ratio test was used to compare
the likelihood of this constrained model with the unconstrained
true estimate of G,,. The likelihood ratio test had 210 degrees of
freedom, the difference in the number of parameters that were
free to vary between models.

Sampling distributions for each covariance component in G,
and Gy were obtained using the REML-MVN approach (Meyer
and Houle 2013; Houle and Meyer 2015) that samples normal
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deviates from the inverse of the Fisher Information matrix. We
sampled the elements of the Cholesky factors of the inverse of
the Fisher Information matrix (the “L-scale”) at the same rank
as the best estimate of G,, or Gy and used those to construct
samples of G,, or Gy. The sampling distributions of matrices
and their functions obtained using this approach are analogous
to the posterior distributions obtained from MCMC models and
can be interpreted in the same way. Sampling on the L-scale
constrains the samples to be positive semi-definite (i.e., variances
are bounded by 0) (Houle and Meyer 2015). Therefore, it is not
appropriate to compare confidence intervals (CIs) of variances or
eigenvalues to 0. Interpreting confidence intervals of variances
without reference to an appropriate null distribution can result
in erroneous conclusions for the presence of significant variance
(Sztepanacz and Blows 2017). However, individual covariances
are unbounded, and therefore, the confidence intervals of these
parameters can be directly compared to zero. Additionally, the
confidence intervals of variances and covariances from G,, and
Gy can be directly compared to each other.

The same multivariate linear model described in Equation (1)
was used to estimate the 40-dimensional genetic covariance ma-
trix Gy, except that each sex-trait combination was treated as a
different trait, resulting in 40 traits in the analysis. Because male
and female traits are measured on different individuals there is no
residual covariance between them, and therefore, elements relat-
ing to this part of the matrix were fixed at zero. Consequently, the
model estimated 820 parameters for the additive genetic random
effect and 420 parameters for the residual. The dimensionality of
the 40-trait genetic covariance matrix, G, was determined using
log-likelihood ratio tests for nested reduced rank models and by
AICc values. Sampling distributions for each covariance com-
ponent in G, were obtained by REML-MVN sampling on the
L-scale at the same rank as the best estimate of G,,.

CROSS-SEX (CO)VARIANCES

The additive genetic covariance matrix G, estimated in the 40-
trait analysis, can be viewed as three submatrices: the genetic
covariance among traits in males (G,, submatrix), the genetic
covariance among traits in females (G submatrix), and the cross-
sex covariances of the traits (B submatrix). B reflects the degree
to which homologous traits in males and females share genetic
(co)variance. The diagonal elements of B are the between-sex
genetic covariance for the same trait. The magnitude of covariance
can intuitively be standardized as a correlation. A correlation of
zero means that selection on a given trait in one sex should have
no impact on that trait in the other sex. A correlation of one
means that selection to increase the trait value in one sex will
result in a correlated response to increase the trait value in the
other. The off-diagonal elements of B (B,,,,.- and By,,,.,) are the
between-sex covariances for one trait in males and a different trait

in females. Their correlations similarly indicate the magnitude of
average genetic relationship between the two traits when they are
expressed in different sexes. B is not necessarily symmetric, so
B,,per and By, may differ. Asymmetry in B can arise due to sex
differences in allele frequencies, additive and dominance effects
(Fry 2009), or sex-specific gene expression (Allen et al. 2018).
To determine whether the correlation between wing-shape traits
in males and females resulted in asymmetric patterns of genetic
variance between the sexes, we extracted the symmetric and skew-
symmetric components of B that are uncorrelated with each other
using the matrix decomposition:

A=S+N, )

where S = 1/2(A 4+ A’) is symmetric and N = 1/2(A — A’) is
skew symmetric (Gosden and Chenoweth 2014). We then calcu-
lated the sums-of-squares of the skew symmetric (N) and symmet-
ric (S) components, using the percentage of the skew-symmetric
sums of squares as the measure of asymmetry, following Gos-
den and Chenoweth (2014). We applied this decomposition to the
point estimate of G,,r and to each of the 1000 RML-MVN samples
of Gy, to obtain the 95% confidence intervals.

PARTITIONING G,,s INTO SEXUALLY CONCORDANT
AND ANTAGONISTIC GENETIC VARIATION
To quantify the amount of genetic variation that would allow
males and females to respond to completely sexually concor-
dant versus completely sexually antagonistic selection, we parti-
tioned our estimate of G, into two complementary subspaces:
a 20-dimensional subspace with only sexually concordant ge-
netic variation and a 20-dimensional subspace with only sexually
antagonistic genetic variation. This partition, thus, characterizes
variation allowing a response to selection in exactly the same
direction between the sexes and in exactly opposite directions.
Our first step was to construct an arbitrary set of orthonormal
vectors (S,,) that spanned the concordant and antagonistic sub-
spaces of G,,r. We used the set of 20 eigenvectors E,, that span the
space of a 20-dimensional identity matrix, and divided them by the
square root of two, such that S,, (defined below) was orthonormal.
We could have equally chosen the set of 20 orthonormal vectors
that form the basis for any 20-dimensional matrix and obtained
the same result. In the 40 x 40 matrix S,, = [g FE] the unit-
length vectors in first 20 columns span the space of all concordant
genetic variance in G, while the unit vectors in columns 21-40
span the space of all antagonistic genetic variance in G,,r. We next
projected G, onto this space

GCA = Sm g Gmfsma (3)

The upper left submatrix of G¢, is a 20-dimensional co-
variance matrix, G¢, in the concordant subspace while the lower
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right submatrix, G4, is a 20-dimensional covariance matrix in
the antagonistic subspace. The trace of G¢ and the trace of G4
give the total concordant and antagonistic genetic variance in Gy,
respectively.

CONSTRAINTS IN THE PREDICTED RESPONSE TO
SELECTION DUETO B

To determine how cross-sex genetic covariances, given by the B
submatrix of G,,7, may constrain the response to selection, we used
a modified random skewers approach (Cheverud 1996; Cheverud
and Marroig 2007) in conjunction with an extended version of
the R metric proposed by Agrawal and Stinchcombe (2009) to
determine how much covariances alter the rate of adaptation.
This enabled us to identify regions of phenotypic space predicted
to have differential responses to selection depending on both the
type of selection and covariance the structure of B.

The R metric (Agrawal and Stinchcombe 2009) quantifies
how much covariances alter the rate of adaptation as the ratio of
the predicted response to selection when covariances are included
in the breeder’s equation versus excluded from the equation. We
employed this approach by comparing the predicted response to
selection for an estimated G, matrix, to one where the entire B
(B’) submatrix of that G, is set to 0 (Cox et al. 2017; Holman
and Jacomb 2017):

IB/Gmf:B

RB - o~ 2
B Gmﬂg:mIB

“

We also extended this approach by decomposing B into three
components that may impact the predicted response to selection
differently. In all cases, we changed B and B’ for each of the
1,000 samples of our observed 40-dimensional G, matrix. First,
we modified B so that it was symmetric, replacing the observed B
with its symmetric component from Equation (2), Guf,_. merricr-
Second, we removed the remaining symmetric off-diagonal ele-
ments of B (B’) by making them 0, while keeping the diagonal

elements at their observed values, G This allowed us

mf(s=diagonal) *
to test how much of the observed response to selection was fa-
cilitated or constrained by cross-sex covariances among different
traits. Finally, we set the entire B (B”) to 0. These modifications of
B are nested within each other, and therefore, satisfy the following

equation:

1 ﬂ/GHlfﬂ _ IB/G"lfﬂ
og 2. a2l log . 4
/3 Gmf(za‘:o)/s ﬂ G”lf(li‘:.s\‘mnwlr[uiﬂ

4 10g (IB/Gmf(Bv,wmmm)ﬂ ) + 10g (,B/Gmﬁﬂdiugmm/)ﬂ) (5)
ﬂ/G"lﬁB:zlmponul) ﬂ ﬂ,Gmf(B:()) :3

We calculated each term of Equation (5) to quantify how
much each feature of B alters the predicted response to selection.
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Sometimes our modifications of B resulted in the matrices
having negative eigenvalues; in these cases, the resulting matrix
was bent to the nearest positive definite matrix using the nearPD
function (Bates and Maechler 2018) in R (R Core Team 2019). Be-
cause the negative eigenvalues were generally of small magnitude
the bending did not appear, from visual inspection, to qualitatively
change any other aspects of the matrices.

To generate the random skewers, we sampled random 20
element vectors from a multivariate normal distribution N(0, 1).
To make a 40-dimensional sexually concordant selection gradient,
we stacked a copy of each vector on top of itself. To make a 40-
dimensional sexually antagonistic selection gradient, we stacked
the opposite of each vector on top of itself. Each vector was scaled
to unit length before any subsequent analyses.

‘We randomly sampled 8,000 selection gradients for each type
of selection. Eight thousand was chosen to adequately sample
the multivariate space and maintain a reasonable computation
time. We projected each selection gradient through each of the
1,000 samples of G, and each of the three modified matrices.
The genetic variance in the direction of B, which we call the
evolvability of B, was determined using the formula

2 /1
o5 = B'5GusB. (®)

with the factor of 1/2 to account for the equal autosomal con-
tribution of males and females (Lande 1980). For each selection
gradient, we applied Equation (5) to determine the effect of each
feature of B on the predicted response to selection in that direction.

CONSTRAINTS TO PREDICTED SELECTION RESPONSE
IN THE DIRECTION OF SEXUAL DIMORPHISM

To test how B would bias the predicted response to selection in
the direction of extant sexual dimorphism within D. melanogaster
and in the genus Drosophila, we calculated the predicted response
to selection for selection vectors that correspond to these direc-
tions for G, and for the modified Gs. The direction of extant
sexual dimorphism in D. melanogaster is the multivariate trait
combination obtained from the linear discriminant function that
best separates males and females. We also estimated the direc-
tions of greatest and least variation in sexual dimorphism across
the Drosophila phylogeny (J. L. Sztepanacz and D. Houle unpubl.
data). For all three trait combinations, we resampled the data 500
times at the species level and estimated the vectors for each re-
sampled data set, to obtain the sampling error in the estimates. For
each estimate of each vector, we created concordant and antago-
nistic selection vectors as described above. Each vector was then
projected through the 1000 samples of our observed and modified
Gs as above. Therefore, the predicted response to selection in each
direction incorporates both the sampling error in the estimation
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of each selection gradient and the sampling error in the estimate
of Gmf-

Results

SEXUAL DIMORPHISM

A linear discriminant analysis showed that mean wing shape in
D. melanogaster was sexually dimorphic. The discriminant func-
tion was accurate; crossvalidation correctly predicted sex 95.8%
of the time across 1000 unique test data sets that were each com-
prised of 10% of the total data. The difference in mean wing-
shape between males and females was also statistically significant
(MANOVA: Pillai’s trace = 0.754, F>9, 17179 = 2643, P < 0.0001),
and we found significant additive genetic variation in multivari-
ate sexual dimorphism (V_ 0.363 % 0.022; y?= 2245914,
df =1, P < 0.001) with a heritability of sexual dimorphism
of 0.37. To visualize dimorphism in the original traits, we com-
pared the wing-shape defined by the 12 x- and y-coordinates of
the average female wing to the average male wing. The average
female wing was contracted in the distal wing tip and expanded
in the proximal interior region (Fig. 1). This reflects the fact that
the long veins are closer at the tip of the wing and the crossveins
are shifted distally in females. The Euclidian distance between
males and females in shape space was 15 centroid-size units. This
magnitude of shape dimorphism is moderate compared to the
range of four to 24 centroid-size units that we have found across
83 species of Drosophila (J. L. Sztepanacz and D. Houle unpubl.
data). Sexual dimorphism in centroid size, which is a measure of

wing-size, was 0.16 when calculated using the sexual dimorphism

female size
male size

ual size dimorphism for many traits in many species, as reviewed
in Poissant et al (2009).

index ( — 1). This is comparable to the magnitude of sex-

[ D

-0.2 =0:1 0

0.1 0.2 0.3

Figure 1. The pattern of relative expansion and contraction in the
average wing of females compared to males of D. melanogaster.
The colors represent the proportional local change in area on the
log; scale, where the orange value at +0.2 represents an expan-
sion of 15% and the blue value at —0.2 represents a contraction of
15%. Patterns of expansion and contraction are shown in centroid
size units for the original x and y landmark coordinates.

Gmf

Male and female G matrices were each estimated to have ge-
netic variance in all 20 dimensions of phenotype space, when
estimated separately. Fitting 19 variable dimensions significantly
reduced the fit of both models: (males x2= 6.508, df =1, P
= 0.01; females x2= 11.85, df = 1, P < 0.001). These likeli-
hood ratio results were supported by AICc values that similarly
indicated a best fit for 20 dimensions in males (AAICc = 2.25)
and 20 in females (AAICc = 4.92). These results suggest that
wing-shape should be able to respond to selection in any direc-
tion in both sexes. They are consistent with an analysis of this
population that found significant genetic variation in all direc-
tions of phenotype space when the male and female data were
pooled (Houle and Meyer 2015), and with wing-shape analyses
of male Drosophila serrata (Sztepanacz and Blows 2015). We
compared the fit of the model that estimated G,, to the fit of a
model where the (co)variances of G,, were constrained to equal
the best estimate of Gy, to determine whether G,, and Gy differed
statistically from each other. The constrained model was a signif-
icantly poorer fit than the unconstrained model (x?= 334.16, df
=210, P < 0.001). Therefore, the orientation of genetic variation
that is determined by the (co)variance structure of male and female
wing-shape traits differs. However, the total genetic variance did
not differ between males and females, nor did the average evolv-
ability, nor the average conditional evolvability (Table 1), sug-
gesting that males and females had equal evolutionary potential
overall.

The 40-trait analysis that simultaneously estimated the ad-
ditive genetic covariance in wing-shape within and between the
sexes (G,,y) provided a strikingly different picture of genetic vari-
ation in wing-shape. Both likelihood ratio tests and AIC values
indicated that only 26 of the possible 40 variable dimensions of
G, had significant additive genetic variance. Reducing dimen-
sion from 26 to 25 significantly reduced the fit of the model:
(x%= 24.95, df = 14, P = 0.035; AAICc: 0.921). The distri-
bution of genetic variation, given by the eigenvalues of G,
dropped off after the 20th eigenvalue (Fig. 2), demonstrating that
the B matrix generates significant genetic constraints. The ma-
jority of the genetic variance for the same wing-shape traits in
males and females is shared between the sexes, as the genetic
correlations between the same wing-shape traits in males and fe-
males were approximately 0.9 in all cases (Table 2, Tables S3
and S4).

We partitioned B into its upper triangle (B,,,.-) and lower
triangle (By,,.) components, excluding the diagonal elements, to
characterize the asymmetry in B. The only difference between
B,,per and By, is which sex is expressing which trait in the
cross-sex covariance estimate. The mean magnitude of covariance
did not differ between B, and B, nor did the average co-
variance. The point estimates for each covariance component were
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Table 1. The total genetic variance in wing shape (Va) for males and females separately, the average evolvability (€), and the average

conditional evolvability (¢).

Va e c
Male 216.470 (204.930, 228.980) 10.083 (10.246, 11.449) 1.609 (1.501, 1.725)
Female 212.134 (195.937, 216.665) 10.324 (9.979, 10.833) 1.539 (1.428, 1.659)

Confidence intervals (95%) of the estimates are given in parentheses, and were obtained from 1,000 REML-MVN samples of full-rank models sampled on

the L-scale.

100

10 A

log,(Eigenvalue)

[ G,eigenvalues
[ G, concordant
3 G, antagonistic

m |

15 20 25 30
Vector

Figure 2. The additive genetic variance in each of the eigenvectors of G, and the concordant and antagonistic subspaces of Gca. The
heights of the bar represents the point estimate of V for each eigenvector, and the error bars show the 95% confidence interval of

the estimate from REML-MVN sampling on the L-scale of a reduced-rank 26 dimensional model. The first 20 basis vectors of Gca are
eigenvectors in the concordant subspace, while the second 20 eigenvectors (only first 10 are shown) are in the antagonistic subspace.

often close to and not significantly different from O (Fig. 3). As
a result, the sign of the point estimates of B, and By, were
often discordant (91 of 190 had different signs). The proportion of
B that was skew symmetric was 0.0526 (95% CI: 0.044, 0.113),
and was significantly different from zero.

CONCORDANT AND ANTAGONISTIC GENETIC
VARIATION IN G,

We projected G, onto concordant and antagonistic subspaces,
and just 4.32% (95% CI: 4.31-4.34%) of the total genetic vari-
ation lied in the antagonistic subspace. Therefore, the majority
of genetic variance in G,,r was sexually concordant, meaning that
there is relatively little standing genetic variation that would allow
changes in sexual dimorphism. Figure 2 compares the eigenval-
ues of the 26 eigenvectors of G, that have genetic variation with
the eigenvalues of concordant (G¢) and antagonistic (G4) genetic
variation. In all cases, the eigenvalues of G, were larger than

8 EVOLUTION 2019

the concordant variance of the same rank. The differences are too
small to be apparent for the first few, highly ranked, eigenvec-
tors, but are quite apparent for the low-ranking eigenvectors of
G,,s. The most variable parts of the antagonistic subspace have
more genetic variation than the last 10 dimensions of the con-
cordant subspace. Therefore, the first few eigenvectors of G,
largely capture concordant variation, and subsequent eigenvectors
reflect increasing proportions of antagonistic variation. It is likely
that most genetic variants have both concordant and antagonistic
effects.

THE EFFECT OF G,,, ON EVOLVABILITY

We predicted the response to random direction of selection
(e.g., Cheverud and Marroig 2007), and compared the predicted
responses based on the full matrix (G,,) to responses predicted by
three altered B matrices. The three modified matrices (1) replaced
B with its symmetric component; (2) included only the diagonal of
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0.4

Male correlation

—q

-0.4 -0.2

0.0 0.2 0.4
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Figure 3. The individual cross-sex correlations of Bjo,e Versus Bypper for the 20 principal component wing-shape traits. Correlations
that fall on the 1:1 line are symmetric, whereas those that do not are asymmetric cross-sex cross trait correlations. Points in the top right
and bottom left quadrants are correlations that are asymmetric in magnitude but not sign, whereas those in the bottom right and top
left quadrants are asymmetric in both sign and magnitude. Each point represents the point estimate of the correlation with bars that

represent the 95% confidence intervals from 1000 REML-MVN samples on the L-scale of a reduced-rank 26-dimensional model of Gy.

B; and (3) set B to 0. Results are shown in Table 3. When selection
was antagonistic, B decreased the predicted response to selection
by over 91% compared to a matrix where B was set to 0 so that
males and female traits could evolve completely independently.
Asymmetry in the covariances of B, and By,,.., had little effect
on the predicted response, accounting for less than 1% of the total
constraint imposed by B. Symmetric cross-sex crosstrait covari-
ances reduced the response by 27.5%. Cross-sex covariances for
the same trait, quantified using a diagonal B, accounted for an
additional 72% of the total reduction. To test whether the direc-
tion of the predicted responses in the two sexes was equal, we
calculated the angle between the sex-specific part of the predicted
response vector and the sex-specific part of the selection gradient.
This takes into account how the sex-specific covariances given by
G, or Gy and B, together, bias the predicted response to selec-
tion. The response was biased by a similar average magnitude in
females and males. However, there was notably more variation in
the orientation of predicted response vectors in females than
in males (Fig. 4A).

10 EVOLUTION 2019

The effect of B on the predicted response to random di-
rections of selection was markedly different when selection was
concordant. B facilitated the response to selection by two times,
when compared to B = 0, where males and females could evolve
independently. The facilitated response was driven entirely by
the diagonal elements of B. Neither cross-sex cross trait covari-
ances, nor asymmetry in these covariances had any effect on the
predicted response to selection (Table 3). For every random selec-
tion gradient that we studied, the summed effects of G,, (Gy) and
B oriented the predicted response vector away from the selection
gradient more in males than in females (Fig. 4B). This reduced the
total amount by which B could increase the response to selection
at the population level.

We also quantified the effect of B on the predicted response
to selection for three particular multivariate trait combinations
that may be subject to selection: (1) the direction of sexual dimor-
phism in D. melanogaster and the direction of (2) greatest varia-
tion in sexual dimorphism across the Drosophila phylogeny. We
contrasted these with (3) the predicted response in the direction
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Table 3. The components of B that bias the predicted response to constructed vectors of antagonistic and concordant selection, from Equation (5).

Prop. cross-sex
covariances

Prop. cross-sex cross trait

covariances

Constructed

Prop. asymmetry

log(B/By)

selection vector

0.716 (0.387,1.186)
1.00 (0.787,1.262)

0.275 (—0.193, 0.604)
—0.016 (—0.274, 0.194)
0.010 (—0.356, 0.372)

0.00893 (0.00065,0.034)

0.0149 (0.0031,0.036)
0.016 (0.002,0.045)

—1.077 (—1.368, —0.821)
—0.982 (—1.138, —0.830)
—1.081 (—1.138, —0.830)

Random skewers
D. melanogaster dimorphism

Antagonistic

0.974 (0.604, 1.345)

Maximum among species variation in

dimorphism

Minimum among species variation in

0.545 (0.312,0.921)

0.412 (0.044 ,0.635)

0.043 (0.0067, 0.107)

—1.021 (—1.138, —0.830)

dimorphism

Random skewers
D. melanogaster dimorphism

1.019 (0.802, 1.378)
2.193 (2.053, 2.356)
1.470 (1.100, 1.721)

0.000 (—0.002, 0.000) —0.019 (—0.377, 0.000)

0.281 (0.267, 0.291)
0.278 (0.268, 0.285)

Concordant

~1.192 (—1.135, —1.052)
—0.470 (—0.72, —0.100)

—0.001 (—0.003, 0.000)
0.000 (—0.002, 0.000)

0.282 (0.271, 0.291)

Maximum among species variation in

dimorphism

Minimum among species variation in

0.011 (—0.206, 0.183) 0.996 (0.823, 1.213)

—0.006 (—0.027, 0.000)

0.279 (0.261, 0.290)

dimorphism

o) is the total amount that B constrains/facilitates the response. Negative values indicate that B constrains the response and positive values indicate that B facilitates the response. The proportions

Logo(B/B

o) that is accounted for by asymmetry in B, Prop. Cross-sex cross-trait covariances is the proportion

are directly comparable to each other and sum to one. Prop. Asymmetry is the proportion of Log1o(B/B.

0)

accounted for my symmetric off-diagonal elements of B, and Prop. Cross-sex covariances is the proportion accounted for by the diagonal elements of B. Proportions of different sign than Log1o(B/B.

indicate that that component of B has the opposite effect than the total effect of B. Values in parentheses denote 95% confidence intervals of each estimate.

of the least variation in sexual dimorphism across the Drosophila
phylogeny. These three vectors were not highly correlated with
each other (Table 4). The response to antagonistic selection was
constrained in all three trait combinations by a factor of about
12, similar to the average constraint observed over random di-
rections of selection. The diagonal of B accounted for almost all
of the constraint in D. melanogaster sexual dimorphism and the
direction of maximum variation in sexual dimorphism across the
Drosophila phylogeny (Table 3). The diagonal and symmetric
off-diagonal of B contributed equally to the constraint that we
observed in the direction of minimum variation among species in
sexual dimorphism (Table 3). B facilitated the total response of
each of the three trait combinations by a factor of about 2 when
selection was sexually concordant (Table 3). For two trait com-
binations, one part of B facilitated the response and another part
of B constrained the response. The diagonal of B facilitated the
response in D. melanogaster sexual dimorphism by 200%, and in
the direction of maximum variation in sexual dimorphism across
the phylogeny by 150%. The symmetric off-diagonal of B had the
opposite effect, constraining the response by 120% and 50% in
each respective trait combination. The diagonal of B was the only
component to affect the response to selection in the direction of
minimum variation in sexual dimorphism among species.

Discussion

Genetic covariances among traits have an important role in bi-
asing both the direction and magnitude of response to selection.
Cross-sex genetic covariances are of particular interest, because
they determine whether and to what extent sexual dimorphism can
evolve when the optimal trait values of males and females differ.
Although there are many estimates of intersexual genetic correla-
tions for single traits (Poissant et al. 2009), multivariate estimates
of cross-sex covariances are less common (Wyman et al. 2013).
Here we demonstrate, for multivariate wing-shape phenotypes
of D. melanogaster, that cross-sex genetic covariances character-
ized by the B matrix significantly bias the predicted responses
to multivariate selection. We show that cross-sex covariances re-
duce the predicted response to divergent selection (1) in random
directions, (2) in the direction of extant sexual dimorphism in
D. melanogaster, and (3) in directions of most and least vari-
ation in sexual dimorphism over macroevolutionary timescales.
We also found that B can increase the response to sexually con-
cordant selection, but in a complex way that is determined by
the interaction of different parts of B. The diagonal elements of
B increased the predicted response, while the off-diagonal el-
ements of B simultaneously reduced it, but to a lesser extent.
Furthermore, the summed effects of diagonal and off-diagonal
elements biased the predicted response to selection differently in
males and females, and in such a way that suggests males may
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Figure 4. (A) The angles (in degrees) between the sex-specific predicted response to antagonistic selection and the sex-specific selection
gradient. There are 8,000 data points, one for each random skewer. The dashed line shows a 1:1 relationship between males and females.
Histograms denote the variance in angles for each sex, note the larger variance in female angle compared to male angle. (B) The angles
(in degrees) between the sex-specific predicted response to concordant selection and the sex-specific selection gradient. There are 8,000
data points, one for each random skewer. The dashed line shows a 1:1 relationship between males and females. Note that for every
selection gradient, the response is biased away from the selection gradient more in males than in females.
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Table 4. Vector correlations between the directions of D.
melanogaster sexual dimorphism, maximum, and minimum, vari-
ation in sexual dimorphism among 75 Drosophila species.

Maximum Minimum
variation  variation
Sexual among among
Trait Vectors dimorphism  species species
SD 0.0055 0.11 0.27
Sexual 1.000 —0.112 —0.249
dimorphism
Maximum 1.000 —0.077
variation
among
species
Minimum 1.000
variation
among
species

SD indicates the standard deviation of the angles between the point esti-
mate of each vector and the 500 bootstrapped samples of each vector. The
vectors were scaled to unit length and are presented in Table S2.

experience stronger evolutionary constraints than females. Our
results suggest that when both sexes are considered in evolution-
ary predictions, Drosophila wings may not be evolvable in all
directions of phenotype space, in contrast with the results from
single-sex analyses. Cross-sex covariances may, therefore, pro-
vide one explanation for the remarkable stability of wing-shape
phenotypes observed across macroevolutionary timescales.

The response to sexually divergent selection may be strongly
constrained by cross-sex correlations. Therefore, many studies
to examine a role of single (r,,) or multivariate (B) cross-sex
correlations in biasing responses to selection, have focused on
qualitatively dimorphic traits that are known to have a role in
sexual selection. How selection acts on wing-shape in Drosophila
is generally unknown; however, there is some evidence that male
wings of D. melanogaster are subject to sexual selection to in-
crease their length. For example, males collected from the field
that were engaged in mating had longer wings than those that
were not (Taylor and Kekic 1988), and artificial selection to in-
crease wing length conferred a mating advantage to males, after
controlling for correlated differences in body size (Menezes et al.
2013). Consistent with these studies, we found D. melanogaster
wing-shape to be significantly sexually dimorphic with the
size-adjusted distal portion of the wing tip longer in males than
females (Fig. 1). We cannot definitively say whether the magni-
tude of sexual dimorphism in wing-shape that we observed was
biologically meaningful; however, it was in the middle of sexual

dimorphism magnitudes observed for 83 species of Drosophila
(J. L. Sztepanacz and D. Houle unpubl. data).

The cross-sex genetic correlations for single wing-shape
traits in males and females (r,,) were all positive and of a
large magnitude, reflecting the shared genetic and developmental
(Matamoro-Vidal et al. 2018) basis of wings in males and females,
and consistent with the low qualitative dimorphism in wings. Pre-
vious studies have established that higher cross-sex correlations
tend to be associated with lower dimorphism, and that most es-
timates of r,, are large and positive (Poissant et al. 2009). In
particular, morphological traits tend to have higher cross-sex cor-
relations and lower dimorphism than fitness components. Our
estimates for wing-shape phenotypes are consistent with these
observations and with a largely shared genetic architecture of
wing-shape between males and females. Sex-specific selection
is also predicted to generate dimorphism in the additive genetic
variance and covariance structure of sexually dimorphic traits.
Wyman and Rowe (2014) found a weak (p = 0.19) positive re-
lationship between dimorphism in additive genetic variances and
dimorphism in trait means in a review of 252 estimates from
75 species. This relationship was based on single-trait estimates
only. Punzalan and Rowe (2015) compared the multivariate phe-
notypic covariance structure of three traits among seven con-
generic insect species. They found that sexual dimorphism in trait
means positively covaried with dimorphism in the major axis of
phenotypic covariance, providing further support for a relation-
ship between sexual dimorphism in trait means and dimorphism
in genetic variance. Consistent with the relatively low level of
sexual dimorphism that we observed in wing-shape, we did not
find any significant difference in additive genetic variance be-
tween the sexes for any individual wing-shape traits (Table 2,
Table S3).

Our results also showed that G,, and G, each had genetic
variation in all directions of phenotype space. Full-rank G ma-
trices are not typical of multivariate studies (Walsh and Blows
2009) but have been observed for Drosophila wing-shape in stud-
ies that have particularly large sample sizes (Mezey and Houle
2005; Houle and Meyer 2015; Sztepanacz and Blows 2015). Com-
parisons of G, and Gy in other species suggest that the amount of
genetic variation is often sexually dimorphic, but that the orien-
tation of genetic variation is similar between the sexes (Ashman
2003; Arnold et al. 2008; Barker et al. 2010; Campbell et al.
2011; Wyman et al. 2013). These results may be explained, in
part, by a lack of power to detect subtle differences in orienta-
tion. Our study has a particularly large sample size of over 17,000
individuals, that allowed us to estimate G with high precision.
We found that the total genetic variance did not differ between
males and females, nor did the average evolvability nor the aver-
age conditional evolvability for wing-shape (Table 1). But there
was sexual dimorphism in the orientation of genetic variation.
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The covariance structure of G,, and Gy differed significantly from
each other, despite the qualitative similarity between them. This
could be a consequence of sex-specific differences in selection,
sex differences in mutational (co)variance, or some combination
of the two.

The distribution of genetic variation in G, that includes
cross-sex covariances (B) contrasted with what we observed in
G,, and Gy. Only two-thirds of the multivariate trait combinations
of G,,r had detectable genetic variation, whereas G,, and Gy had
genetic variation spanning the entire phenotypic space. Therefore,
the region of dimorphic phenotype space seems to be relatively
inaccessible to selection. Some of the pattern may also be due to
subtle differences in the covariance structure of G,, and Gy. The
effect of B in biasing the response to selection was qualitatively
predictable: B constrained the response to sexually antagonistic
selection, and B facilitated the response to sexually concordant
selection. In D. serrata, including the B matrix in the predicted
response to sexual selection on cuticular hydrocarbon pheromones
constrained the predicted response to divergent selection (Gosden
etal. 2012; Gosden and Chenoweth 2014), and similar results have
been observed in meal moths (Lewis et al. 2011), and for the least
sexually dimorphic cuticular hydrocarbons of D. melanogaster
(Ingleby et al. 2014). In contrast B facilitated (Holman and Jacomb
2017) or had limited effect (Walling et al. 2014; Cox et al. 2017)
on the predicted response to concordant selection in life-history
traits of Tribolium castaneum, in multivariate Anole dewlap traits,
and in Red Deer, respectively.

The magnitude of bias that we observed was more surpris-
ing. The response to antagonistic selection was constrained by
90% on average as a result of the diagonal elements of B. The
diagonals of B had the same effect in limiting divergence in the
direction of extant sexual dimorphism in D. melanogaster, and in
limiting further divergence in sexual dimorphism among species,
whereas the symmetric off-diagonal elements of B had almost
no effect in these directions. This an interesting contrast with the
direction of least divergence in sexual dimorphism, where both
the diagonal of B and the off-diagonal of B constrained the re-
sponse to selection. Selection is predicted to orient the covariance
structure of multivariate trait combinations to match the fitness
surface (Arnold et al. 2001). Correlational selection has been
shown to orient bivariate correlations (Brodie 1992), and Brooks
et al (2005) showed that the covariance structure of G aligns with
the fitness surface for multivariate cricket song. We do not know
the form of selection on wing-shape, but the contrasting pattern
of constraint that we observed for the most dimorphic compared
to the least dimorphic trait combinations could point to a his-
tory of divergent selection on the most dimorphic traits that has
oriented the off-diagonals of B to allow each sex to approach
their optimal trait values. The least dimorphic traits may have not
been subject to the same divergent selection, which is why we

14 EVOLUTION 2019

observe that both the diagonal and off-diagonal of B constrains
their response. For the most dimorphic traits, because all corre-
lational constraints have been resolved, the evolution of further
dimorphism would then require a reduction in the diagonal of B.
This could be achieved through mechanisms such as sex-biased
mutational variation (Sharp and Agrawal 2012), sex-specific dom-
inance effects (Fry 2009), genomic imprinting (Day 2004), or sex
specific gene expression (Ingleby et al. 2015; Wright et al. 2018).
An alternative hypothesis is that the evolution of dimorphism has
proceeded in the observed direction because it is the direction least
constrained by B. Studies that incorporate estimates of selection
on wing-shape with B will be required to distinguish between
these two hypotheses.

We found that B facilitated the response to concordant se-
lection overall, but the effect of B was complex. The diagonal of
B facilitated the response, because all values of ry,,; approached
one, the maximum possible value. The off-diagonal elements of
B had the opposite effect. The summed effects of G,, (Gy) and
B reduced the magnitude of response in a way that prevented
males from becoming too female-like, generating a larger angle
of deflection between the response vector and selection gradient
in males than in females (Fig. 4B). We also saw a difference in
sex-specific deflection vectors under concordant selection. The
mean magnitude of deflection was similar between the sexes, but
there was much more variation in females (Fig. 4A). Together,
these results suggest that evolutionary constraints are stronger for
males than for females. Studies in other Drosophila species have
demonstrated that wing-shape in males experiences stabilizing
selection through pleiotropic fitness costs of unknown but corre-
lated traits (McGuigan et al. 2011; Sztepanacz et al. 2017). One
study has also demonstrated a higher rate of mutational variance
in male wings than female wings (Carreira et al. 2011), although
another study found no difference (Houle and Fierst 2013). We
observed similar levels of standing genetic variance in males and
females. One explanation of these results could be that the un-
known correlated traits resulting in apparent stabilizing selection
on male wings are wing traits in females. Whether selection for
dimorphism determines the genetic (co)variation captured in B,
or whether B dictates the patterns of dimorphism that we ob-
serve within and across species is the key question that must be
answered to understand whether cross-sex covariances generate
long-term evolutionary constraints. To begin to answer this ques-
tion we need to understand, in a sex-specific way, how mutational
variation is translated into standing genetic variation, and how
selection acts on this variation.

Previous analyses of these data that pooled the two sexes
suggested that evolution was possible in any direction in
phenotype space (Houle and Meyer 2015). In this analysis, where
we explicitly consider the genetic variation within and between
the sexes, the picture is quite different. We have shown that
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cross-sex genetic covariances can considerably limit the evolu-
tion of male and female phenotypes in response to antagonistic
selection, thereby, limiting evolutionary divergence in the direc-
tion of extant sexual dimorphism in D. melanogaster and across
the phylogeny of Drosophila. We have also shown that cross-sex
covariances can facilitate the response to concordant selection, but
in a complex way that moderates divergence between the sexes.
Our decomposition of the total effect of B into that determined by
T, by Cross-sex cross trait covariances, and by asymmetry in ge-
netic variance between the sexes, has shown that the pleiotropic
effects of alleles on the same trait in males and females deter-
mine the majority of evolutionary constraint. This may not be
surprising, considering the relatively low sexual dimorphism in
wing-shape when compared to many other traits. Whether our
results are unique to our system, or whether they exemplify a
more general consequence of males and females inheriting the
same alleles from their parents, will only be determined by future
studies that partition the effects of B into its three components.
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