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Synopsis Morphological allometry is striking due to its evolutionary conservatism, making it an example of a certain
sort of evolutionary stasis. Organisms that vary in size, whether for developmental, environmental, or evolutionary
reasons, adopt shapes that are predictable from that size alone. There are two major hypotheses to explain this. It
may be that natural selection strongly favors each allometric pattern, or that organisms lack the development and genetic
capacity to produce variant shapes for selection to act on. Using a high-throughput system for measuring the size and
shape of Drosophila wings, we documented an allometric pattern that has been virtually unchanged for 40 million years.
We performed an artificial selection experiment on the static allometric slope within one species. In just 26 generations,
we were able to increase the slope from 1.1 to 1.4, and decrease it to 0.8. Once artificial selection was suspended, the
slope rapidly evolved back to a value near the initial static slope. This result decisively rules out the hypothesis that
allometry is preserved due to a lack of genetic variation, and provides evidence that natural selection acts to maintain
allometric relationships. On the other hand, it seems implausible that selection on allometry in the wing alone could be
sufficiently strong to maintain static allometries over millions of years. This suggests that a potential explanation for
stasis is selection on a potentially large number of pleiotropic effects. This seems likely in the case of allometry, as the
sizes of all parts of the body may be altered when the allometric slope of one body part is changed. Unfortunately,
hypotheses about pleiotropy have been very difficult to test. We lay out an approach to begin the systematic study of
pleiotropic effects using genetic manipulations and high-throughput phenotyping.

Introduction
The study of the evolution of allometry has historically been dominated by comparative and theoretical
approaches that focused on understanding why allometric slopes evolve so slowly. In the last few years,
many groups have started to apply genetic tools to
understand the proximal and ultimate causes of allometry. The increased use of genetic and physiological manipulations to alter allometry within species
(Truman et al. 2006; Shingleton et al. 2009; Tang
et al. 2011; Testa and Dworkin 2016), has led to a
natural focus on those processes that are or could
bring about evolved changes in allometry. There are
now several biological systems in which the genetic
bases of trans-specific changes in allometry are being
unraveled, as described in other contributions to this
symposium. These genetic tools have been applied
less frequently to understand stasis in allometry.
Here we focus on the potential reasons why

allometry evolves so slowly, and not on the genetic,
developmental, or physiological machinery that
allows it to evolve.
Many students of allometry have emphasized the
relative constancy of allometric slope in contrast to
the intercept (Huxley 1932; Cock 1966; Gould 1971;
Voje et al. 2014). As a consequence, many have favored the general hypothesis that allometry constrains long-term evolutionary change. More
specifically, some have hypothesized that the covariance among traits inherent in allometric relationships drives evolutionary trends in traits that are
not themselves under strong selection (e.g.,
Simpson 1944; Rensch 1959; Gould and Lewontin
1979; Lande 1979). In the extreme case where allometry is imagined to be incapable of evolving, these
correlated responses have been offered as explanations for the presumed maladaptive state of traits.
The antlers of ‘Irish elk’ are the best known example
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allometry (Bolstad et al. 2015) in the context of genetic and selective constraints. Finally, we demonstrate how the manipulation of gene expression can
be used to reveal the genetic and pleiotropic architecture that underlies allometry.

Constraints on the evolution of
allometry
Explanations for the evolutionary stasis of allometry
fall on a continuum that, at one extreme, entirely
results from genetic or developmental constraints,
and at the other extreme, entirely results from selection. As discussed above, allometry is often assumed
to be subject to genetic or developmental constraints.
The key prediction of the pure constraint hypothesis
is that there is effectively no genetic variation to
enable an evolutionary response in slope. Most
work on the evolution of allometry is based on the
standard
static
allometric
equation
logðY Þ ¼ as þ bs  logðX  Xint Þ, where X is some
measure of size, Y is the trait allometrically related
to size, as is the value of Y at the intercept value of
size, Xint, and bs is the static allometric slope.
Allometric relationships are generally well fit by
this linear equation, so most work on the evolution
of allometry reifies the terms in this model, and
think in terms of genetic variation and covariation
in its three parameters, size, X, slope, bs and intercept, as. There are a number of different ways that
slope and intercept can (co)vary, which we illustrate
in Fig. 1.
Unfortunately, there are few studies that have appropriately estimated the additive genetic variance of
allometric slope on a log scale and in a quantitative
genetic framework (Pelabon et al 2014), leaving us
with few parameter estimates for genetic variation in
slope. Pavlicev et al. (2011) used this approach to
estimate the heritability of allometry between body
size and four long-bone traits and four internal organ weight traits in inbred mouse lines. They found
the heritability of allometric slope to range from
0.068 to 0.195 among traits, which is on the low
end of heritability for most quantitative traits.
We have estimated genetic variation in allometry
ourselves, by reanalyzing data from of a recently
published a broad-sense genetic variance (G) matrix
for wing shape and size (Pitchers et al. 2019) for a
population of inbred lines from the Drosophila
Genetic Reference Panel (DGRP) (Mackay et al.
2012). We reanalyzed these data for the Huxley allometric parameters for the relationship between the
length of wing veins and the square root of wing
size. To estimate this G matrix, we took advantage
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of this conflation of maladaptation and allometry
(Simpson 1953, 286–7; reviewed in Gould 1974). A
recent review of allometry among individuals at the
same developmental stage (static allometry), provides
quantitative evidence for relative stasis. It found little
evidence that static allometric slopes evolve on contemporary timescales, but found evidence for modest
changes on million-year time scales (Voje et al 2014).
They showed that 11% of the interspecific variation
in static allometry of morphological traits could be
attributed to changes in allometric slope in six taxa.
Changes in mean size or overall shape (the intercept
of the allometric equation) accounted for the majority of the rest of the interspecific variation. These
results show that allometric slopes can evolve in natural populations, but do so more slowly than nonallometric changes. Given this background we use
the term ‘allometry’ only in reference to the allometric slope.
One example of this pattern that we will focus on
here is the conservatism of the relationship between
the length of wing vein L2 and wing size in the
family Drosophilidae (Bolstad et al. 2015). Bolstad
et al. (2015) evaluated the static and evolutionary
allometry (allometry among species means) of this
trait combination in 111 species of Drosophilid flies,
most of which were in the clade defined by the polyphyletic genus Drosophila. Static allometric slopes are
remarkably similar among species, considering that
the family is at least 40 million years old. More precisely, the rate of evolution of slope and intercept on
the phylogeny is just 3% per million years for both
slope and intercept.
The evolutionary conservatism of allometry is a
striking case of a more general pattern of evolutionary stasis that is observed across a variety of traits
and geological timescales. The causes of evolutionary
stasis can be separated into mechanisms of constraint
and selection. Determining which of these mechanisms underlies evolutionary stasis is a central goal
of evolutionary biologists. Here we pose the question: is there something fundamental about the genetic basis of allometric slope that leads to its
evolutionary conservatism? To begin to answer this
question we draw on three sets of data from the fruit
fly, Drosophila melanogaster—a selection experiment
that sought to change the allometric slope of wing
vein L2, and unpublished datasets that estimate genetic variation in appendage form, and that characterize the effects of targeted manipulations of those
forms. First, we document the pattern of genetic
variation in allometry for fly wings using unpublished data from our lab. Second, we discuss the
results of our artificial selection experiments on
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of the fact that all flies within each DGRP line are
extremely closely related, so the allometric relationship achieved among a cohort of flies directly estimates the allometry of that genotype. In total, we
measured more than 24,000 flies from 190 inbred
lines, in up to four experimental blocks in two different labs. For each one of the 510 line–block combinations, we estimated the slope and intercept for
four different long veins, as well as mean wing area.
These were then analyzed using a mixed model using
restricted maximum likelihood in the program
Wombat (Meyer 2006–2018; Meyer 2007). We fit
the genetic component by assuming that all DGRP
lines were unrelated, and fit a fixed effect for lab.
The G matrix for log L2 length and wing size
using the allometric model is shown in Table 1.
Results for the lengths of the other three long veins
on the fly wing are similar (data not shown). There
is ample genetic variation in slope intercept and
mean wing size. Genetic correlations among these
three traits are low. The correlations of slope with
size and intercept are not significantly different from
0, but there is a modest negative correlation between
intercept and wing size. Figure 2 represents a sample
of the most extreme slopes and intercepts. Slopes
tend to cross across the broad middle of the size
distribution. Despite the substantial genetic variance
in slope relative to intercept, the variation in slope is
too small to have much impact on the spread of the
data. The actual variation in allometric parameters
resembles that in Fig. 1D, although the variation in

Table 1 Genetic correlations, covariances, and variance ratios for
the allometry between vein L2 length and wing size in DGRP
inbred lines.
Intercept
Intercept

0.90 6 0.01*

Slope

Mean wing size

0.03 6 0.09

0.31 6 0.09*

0.44 6 0.05*

0.14 6 0.09

5.42 6 0.59*
Slope

0.32 6 0.99

21.23 6 3.42*
0.38 6 0.05*

Mean wing size
1.96 6 0.62* 0.46 6 1.45

7.03 6 1.24*

Notes: Bold-faced values on the diagonal are the proportion of variation in the parameters that are explicable by line effects. Plain font
values on the diagonal are line variances. Values below the diagonal
are the genetic covariances, and those above the diagonal are the
genetic correlations. Variances and covariances are multiplied by
10,000. All values shown 6 approximate sampling errors. Sampling
errors calculated using the REML-MVN method (Houle and Meyer
2015).
*Estimate significantly different from 0.

slope is smaller relative to the variation in intercept.
These results show that the change in residual variation with size is minimal, ruling out the
“broomstick” and “speedometer” patterns that
Dreyer et al. (2016) suggest are possible. An important caveat to our results is that the genetic variation
we detected is among inbred genotypes, and does
not necessarily reflect additive genetic variation that
could respond to selection in an outbred population.
The real test of the absolute constraint hypothesis is
whether allometry can actually respond to selection.
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Fig. 1 Variation assuming that the parameters of the Huxley growth model cause variation in trait value. (A) Variation in intercept, no
variation in slope. (B) Variation in slope with an intercept fixed at the population mean. (C) Variation in slope with an intercept fixed
below the population mean. (D). Uncorrelated variation in both slope and intercept, with the intercept fixed at the population mean.
(E, F). Variation with correlated size, slope, and intercept parameters.
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Can allometry respond to selection?
A relatively simple way to test whether the evolution
of allometry is constrained by a lack of additive genetic variation, is to use artificial selection to attempt
to change it. For organisms that can be reared in
controlled conditions, it is relatively easy to apply
strong artificial selection to target traits, while suspending many aspects of natural selection. If a targeted trait can respond to artificial selection, then
selectable genetic variation in the trait exists, and
the constraint hypothesis can be rejected. Despite
the conceptual simplicity of this approach, Egset
et al. (2012) were the first to make the attempt.
The varied usage of the term allometry has contributed to the lack of previous experiments, as many
experiments have claimed to be selecting on allometry while selecting either on the intercept of the
allometric relationship, or some indeterminate mixture of slope and intercept (reviewed by Houle et al.
2011; Pelabon et al. 2014). The logical paradox of
directly applying selection to a static allometric slope
may also have limited such selection experiments. An
individual organism does not express a slope, just a
combination of their size and the trait allometrically
related to size. The observed size and trait combination is but one realization of an infinite combination
of trait values that they could have expressed if a
different combination of the factors that influence
organism size had arisen (e.g. Dreyer et al. 2016).
Allometry, is thus an example of a function-valued
trait (Stinchcombe et al. 2012). Unfortunately, the

Fig. 3 Selection scheme used to select on slope. To increase
slope, one would select the individuals represented by filled
circles. Source: Adapted from Fig. 2 in Pelabon et al. (2014).

formalism that has recently been developed for
such traits has not yet been applied to allometry.
In an artificial selection experiment there are two
ways of dealing with the fact that individuals do not
express slope. First, one could measure the slope
within a group of relatives, analogous to what we
did in the G matrix experiment above, and then select individuals from those groups whose slopes deviate in targeted direction. Family level selection is a
common approach to artificial selection in general
(e.g., Hine et al 2011, 2014, Sztepanacz and Blows
2017), but has not been applied to the study of allometry. The second approach is to apply individuallevel selection based on a particular model of how
the inheritance of the sizes of the two parts works.
Three artificial selection papers that have targeted
static allometry have taken the latter approach
(Egset et al. 2012; Bolstad et al. 2015; Stillwell
et al. 2016), and all used a similar scheme to select
on slope, represented in Fig. 3. This procedure
defines the selection index conditional on size relative to the sex-specific mean size. The simplest use of
this procedure was by Egset et al. (2012), where
individuals that were above average in the size trait
were selected if they also had positive residuals from
the current allometric relationship, while individuals
with below average sizes were selected if they had
negative residuals. This scheme will be particularly
effective when size, slope, and intercept are uncorrelated, as in Fig. 1D, and the G matrix represented in
Table 1. In these distributions, individuals close to
the mean size can be above or below the regression
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Fig. 2 Allometric relationships for the log of the length of vein
L2 in relation to log wing size for 48 DGRP lines. Estimates are
the least-squares means for line from a model with line and lab
as factors. Estimates were calculated in SAS Proc GLM (SAS
Institute, 2016). The 48 lines whose slopes are represented are
those with the 10 most extreme estimates of slope, intercept
and wing size in each direction. Open circles show the mean
wing sizes and vein lengths at that mean size for all 190 DGRP
genotypes.
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Table 2 Design of and results from allometry selection experiments

Significant response
Study

Species

Size

Trait

Egset

Poecilia reticulata

Body area

Tail area

Bolstad

Drosophila melanogaster

Square root of wing area

Wing vein L2 length

Generations

Rearing
conditions

3

Good

Yes

No

Slope 25, 26

Good

Yes

Yes

Intercept

Slope

Intercept 7
Bolstad

Drosophila melanogaster

Square root of wing area

Wing vein L2 length

19

Mixed

—

No

Stillwell

Drosophila melanogaster

Pupal area

Wing area

18

Mixed

—

Yes

(Debat and David 2001) that result in size variation.
In an experiment in Drosophila serrata, most of the
genetic variation in environmental sensitivity of wing
shape was dominance and not additive variance
(Sztepanacz et al 2017). Consequently, the starved
selection treatments may have primarily targeted
dominance variation, or environmentally induced
covariance (Rausher 1992) between traits, rather
than an additive genetic covariance that could respond to selection.
In two of these studies, the authors also selected
on the allometric intercept to contrast the rate of
response in slope and intercept. Egset et al. (2012)
selected for three generations to increase or decrease
residuals from the least-squares regression. Bolstad
et al. (2015) selected for seven generations to increase or decrease the residuals, while also performing stabilizing selection on size. These treatments are
similar to earlier selection experiments on the residuals from the relationship between two traits (Weber
1990, 1992; Wilkinson 1993; Frankino et al. 2005).
All of these experiments achieved rapid, highly significant changes in intercept. However, the actual
rate of response of intercept was similar to the rate
of response in slope. In the well-fed treatment,
Bolstad et al. (2015), on average, obtained a 1.6%
change in intercept per generation, slightly greater
than the response they obtained for slope. Tail area
increased by 2% per generation and decreased by 1%
per generation in guppies (Egset et al. 2012). Overall,
these results from slope selection experiments suggest
that there is often substantial genetic variation for
slope that can yield a rate of evolution in slope comparable to that on traits like intercept that can be
measured at the individual level.

Stasis and natural selection
In just seven generations of artificial selection by
Bolstad et al. (2015), the height of the allometric
line approached the outermost range of heights
that 40 million years of evolution produced.
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because of variation in either slope or intercept,
while individuals far from the mean size, are more
likely to have a slope that deviates in the direction
selected. This suggests that favoring individuals that
deviate more from the mean size will be more effective at targeting slope. To take advantage of this,
Stillwell et al. (2016) only selected individuals in
the first and fourth quartiles of size. Bolstad et al.
(2015) similarly favored individuals that were far
from the mean size but also included stabilizing selection on size and the trait.
The three papers that have selected on static allometry include a total of six experiments, four targeted at slope, and two targeted at intercept. The
characteristics of these selection experiments are
summarized in Table 2. Bolstad et al.’s (2015) unmanipulated size experiment and Stillwell et al.’s (2016)
experiment generated significant responses in slope
to artificial selection. Bolstad et al. (2015) achieved a
response of 1% per generation in their unmanipulated size treatment. The rate of change in slope cannot be directly calculated from the data in the paper
by Stillwell et al. (2016). To get a crude idea of the
actual rate of response, we assumed that the original
slope was 1, then used Fig. 2 in their paper to estimate that slope changed at the rate of about 0.4%
per generation on average. Overall, the results of
these experiments reject the absolute genetic constraint hypothesis as a general explanation for the
cause of evolutionary stasis in allometric slope.
In contrast to these experiments, Egset et al.
(2012) did not generate a statistically significant difference in slope. However, they only selected for
three generations. The mixed rearing condition treatment in Bolstad et al. (2015) also did not show significant response in slope. Bolstad et al. (2015)
suggested that this was because the genetic variation
among their starved flies reflected only variation in
early growth, while the size range in well-fed flies
was weighted toward variation in late growth.
Alternatively, these results could reflect different
mechanisms of sensitivity to environmental variation
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Ackerly 2003; Hansen 2012). In the context of allometry, such stable niche parameters do seem plausible
for many traits. For example, the demands of locomotion may enforce optimal body-size to appendage
relationships that depend on the unchanging properties of the medium through (or on) which an organism moves.

Pleiotropic genetic constraints
More dramatic evidence of the role of selection in
maintaining the pattern of allometry was provided
by the change in phenotype after artificial selection
was relaxed in the Bolstad et al. (2015) experiment.
Each slope-selected population rapidly returned toward its original slope, reverting faster than they had
evolved in response to artificial selection, losing 75–
80% of their response in just 16 generations. About
20% of this return could, in principle, be explained
by the breakup of linkage disequilibrium between
genetic variation in size and intercept. Therefore,
the vast majority of the reversion in slope was due
to opposing natural selection. Artificial selection
experiments often observe a reversion of traits toward their initial values after selection is relaxed
(Reeve and Robertson 1953; Falconer and Mackay
1996; Hine et al. 2011), like Bolstad et al. observed.
Furthermore, agricultural populations that have experienced sustained directional selection for economically important traits also tend to have depressed
fitness that generates opposing selection (Rauw
et al. 1998; Havenstein et al. 2003; Hill and
Kirkpatrick 2010). Opposing selection appears to
be a common cause of evolutionary limits in a variety of contexts.
The behavior of the intercept-selected populations
was very different when artificial selection was relaxed. The down-selected population maintained
the new intercept with minimal return towards the
original mean. The up-selected population showed a
significant but small decrease toward the original intercept of about 15% of the total response. This relative lack of reversion in intercept suggests that
selection on the genetic variants that allowed the
rapid increase in intercept is quite weak in the laboratory environment. Examination of Fig. 1 in
Bolstad et al. (2015) shows that evolution in the
intercept-selected lines actually produced flies that
deviated more from the starting pattern of allometry
than in the slope-selected lines. If the opposing natural selection to return to the original allometric
relationship acted directly on static allometry, we
would predict that the intercept-selected lines would
return faster than the slope-selected lines. The fact
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Similarly, after just 25 or 26 generations of selection,
the allometric slopes approached the outer limits
found across the family Drosophilidae. Importantly,
neither the slope nor the intercept appeared to plateau in response, suggesting that both traits could
have become more extreme had artificial selection
continued. The fact that more extreme trait values
do not exist in nature, despite the genetic capacity to
produce such phenotypes, suggests that selection
limits their sustained exaggeration.
Natural selection consistent enough to generate
stasis can be generated in different ways. For example, temporally fluctuating selection acting over short
timescales can, over longer timescales, result in an
overall pattern of stabilizing selection (Lynch 1990;
Hendry and Kinnison 1999; Eldredge et al. 2005;
Estes and Arnold 2007; Uyeda et al. 2011).
Stabilizing selection acting directly on allometric
slope may also be conserved over evolutionary
time, so that the slope is continually returned to
its starting state whenever it is perturbed away
from that state. Strong stabilizing selection acting
on many individual traits, however, is unlikely. If
there was direct stabilizing selection acting on
many traits, even its strength was 100 times weaker
than current estimates suggest, population mean fitness would be impossibly low (Barton 1990). In
most cases, stabilizing selection will arise through a
multivariate process, where some multivariate trait
combinations are subject to strong stabilizing selection and most are subject to much weaker stabilizing
selection (Johnson and Barton 2005, Blows and
Brooks 2003). A conserved pattern of multivariate
stabilizing selection is a popular explanation for the
observation of stasis in many types of traits over
long timescales. One prediction of this hypothesis
is that multivariate patterns of genetic variation
will become aligned with the fitness surface (Lande
1980; Cheverud 1984; Arnold et al. 2001), for which
there is some empirical evidence in experimental
systems (Hunt et al. 2007; Roff and Fairbairn 2012,
Jones et al. 2003, Revell et al. 2010, Brooks et al.
2005). An allometric slope would then lie along a
ridge of high fitness.
While unchanging stabilizing selection can explain
stasis, Hansen and Houle (2004) have emphasized
that even though the potential biological reasons
for unchanging stabilizing selection are plausible,
they are not necessarily true. The many hypotheses
that could explain stable patterns of selection essentially shift the problem of stasis to some other sort of
stability, such as stability of the ecological niche, or
tracking of a fixed niche by compensatory evolution,
among other possibilities (Holt and Gaines 1992;
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toward directions of high genetic variation (Schluter
1996; Chenoweth et al. 2010). In reality it is likely
that only some other traits are under enough selection to impact the evolution of a focal trait, and it is
the partial conditional evolvability of the focal trait
generated by selection on that unknown subset of all
traits that will generate pleiotropic constraints. If the
conditional genetic variance is close to zero, the
evolvability will also approach zero unless the
changes in selection are both strong and maintained
for long enough to allow the genetic architecture
itself to evolve.

Why are there pleiotropic constraints?
The hypothesis of pleiotropic constraints is related to
the relatively unfamiliar concept of burden (Riedl
1977). Riedl proposed that systems that arise early
in development or that are functionally essential for
an organism are both highly pleiotropic to begin
with but also evolve to become more highly interconnected as any accretion of new traits and organismal functions must depend on the previously
existing functions (Riedl, 1977). He considered these
systems to be “burdened” because their genetic interdependence would make them, in principle, unalterable. Allometry may be one example of a burdened
system as envisioned by Riedl, particularly if it arises
through a response to common and fundamental
growth factors. There are many candidates for such
fundamental systems to underlie allometry
(Shingleton and Frankino 2018), in particular the
insulin signaling pathway that is a primary integrator
of growth in animals.
The existence of pleiotropic constraints or burden
is an attractive hypothesis that can explain stasis in
allometry, but is also a difficult one to test. Logically
it rests on the existence of pleiotropic effects that
have not been observed directly. It further depends
on the nature of natural selection on those unknown
traits. Identifying which other traits suffer detrimental consequences and therefore mediate opposing
natural selection is straightforward in some cases
(Ryan et al. 1982; Godin and McDonough 2003;
Fernandez and Morris 2008). In many cases, however, opposing selection arises through pleiotropic
effects of alleles on a number of unknown traits.
Two recent studies in D. serrata and one in D. bunnanda, have attributed the lack of contemporary
evolution of male sexual displays, whose phenotypes
are subject to directional sexual selection, to pleiotropic alleles that generate a net effect of stabilizing
selection on the major axes of genetic variance that
underlie these traits (McGuigan and Blows 2009;
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that they do not demonstrates that direct selection
on allometry in the wing cannot explain the stasis of
this allometric relationship.
If we reject both the absolute genetic constraint
hypothesis, and the direct stabilizing selection hypothesis, what is left? The combination of results suggests
that the detrimental fitness effects of the alleles that
underlie allometry are not principally on wing-shape,
but must also affect other aspects of organism form
and function. The variation that affects slope may
have pleiotropic effects on more traits, or have pleiotropic effects on traits that are more strongly selected
than the variation that affects intercept. This leads to
a hybrid hypothesis where evolution is limited by a
combination of multivariate constraints and multivariate stabilizing selection. At the core of both the multivariate constraint and selection hypotheses, is the
notion that allometry is highly polygenic, and that
the genes that underlie allometry also underlie many
other traits that determine an organism’s fitness. The
qualitative and quantitative extent of pleiotropy, in
general, is an open question. Quantitative genetic
approaches indicate that pleiotropy is widespread
(Houle and Fierst 2013, McGuigan et al 2014,
Blows et al 2015), with somewhere between 10
(Walsh and Blows 2009) and 20 (Hine et al 2018)
independent trait combinations underlying all of the
phenotypic variation in an organism. Quantitative
trait locus (QTL) and genomic analyses come to
somewhat different conclusions with a relatively small
number of QTLs or alleles typically found to affect
many traits (Zou et al 2008, Wagner et al 2008, Albert
et al 2008, Durham et al 2014, Wagner and Zhang
2011). The latter analyses have low power, however,
and the degree of pleiotropy is likely to be more extensive than suggested by these studies (Paaby and
Rockman 2013).
In a multivariate context, we can redefine the
question of genetic constraint on a focal trait to
how much of its genetic variation is not shared
with other traits that are also under strong selection.
This is the concept of conditional genetic variance
(Hansen et al. 2003; Hansen and Houle 2008), which
describes the variation that is independent of all
other traits. Conditional evolvability predicts the selection response of traits when all other traits are
held constant. It has long been appreciated that multivariate genetic covariances can redistribute genetic
variation into a relatively small number of trait combinations (Walsh and Blows, 2009), leaving others
with little or no genetic variation (Gomulkiewicz
and Houle 2009; Kirkpatrick 2009). These trait combinations tend to suffer from evolutionary responses
that are stochastic (Hine et al. 2014), slow, or biased
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should consider candidate allometric pathways, but
also allow for the possibility that other processes may
be involved. For example, the set of canonical developmental pathways involved in growth and differentiation (Matamoro-Vidal et al. 2015) operate
throughout the fly body, could affect allometry,
and are also likely to have pleotropic effects. Such
an investigation would depend on the ability to genetically manipulate a wide array of genes. With the
toolkit available in D. melanogaster, it is now possible to envision such experiments on a scale sufficient
to determine the relative ability of candidate pathways and other genes to alter allometry. For several
years we have been carrying out experiments looking
for effects of gene expression knockdowns on wing
shape in D. melanogaster that meet some of these
requirements, which we call the Dictionary of
Genetic Effects (Pitchers et al. 2019; D. Houle,
unpublished data). Unfortunately for the study of
allometry, we designed these experiments to measure
general shape changes, and not to study allometry.
Nevertheless, we have now reanalyzed these experiments to look for effects on allometry. The results
are not particularly convincing, but serve to illustrate
a viable approach.
In the Dictionary project, we quantitatively manipulate gene expression using organism-wide
RNAi knockdowns and measure the phenotypic
effects on appendage morphology (Pitchers et al.
2019; D. Houle, unpublished data). We have manipulated expression of over 150 genes thus far, and
these have been successful at determining genes capable of affecting appendage size and shape, and
provide a direction for those effects that can be related to gene function (Pitchers et al. 2019). All these
experiments have assessed wing variation, and in the
past year we have also added leg morphology to the
list of phenotypes measured (D. Houle, unpublished
data). To measure appendage size, we calculated
wing area, and the total length of all three legs on
one side of the body. We then tested whether the
allometric relationship between log appendage size
and the logs of the lengths of the four major long
veins of the wing, or the lengths of each leg segment
were altered by the knockdowns. The results of these
analyses are shown in Supplementary Table S1 for
wing only experiments, and Supplementary Table S2
for the more recent estimates of wing and leg experiments. Overall, RNAi knockdowns seem to increase
the variance among treatment slopes, although in
some cases controls also show increases in slope variance among treatments. The wing-only experiments
offered fairly convincing evidence that the knockdowns increased the slope variance among
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McGuigan et al. 2011; Delcourt et al. 2012;
Sztepanacz and Rundle 2012). The key result of these
experiments was that it was not possible to detect
selective constraints by studying phenotypes themselves. Multivariate stabilizing selection was only
detected by studying the genetic covariance between
multivariate traits and fitness.
In order to validate the existence of burden and
pleiotropic constraints, we need to find at least some
of these pleiotropically related traits and identify
their costs. This is a classic example of a genotype–
phenotype map problem, suggesting that both genetic and phenotypic approaches are possible. Here
we focus on a genetic approach that centers on
manipulations of candidate pathways.
Several key pathways have been proposed for master regulators of relative growth and therefore allometry in flies (Shingleton and Frankino 2018). The
first is the insulin pathway. Levels of circulating
insulin-like peptides are sensitive to the overall nutritional state, and activate a common pathway in
proliferating cells, helping to coordinate the overall
level of growth across the body. Manipulation of this
sensitivity to insulin can alter allometry (Tang et al.
2011), and some naturally evolved differences in allometric relationships can be traced to differences in
such sensitivity (Emlen et al. 2012). In addition,
there is increasing evidence that the key insect
growth hormones ecdysone and juvenile hormone
that regulate molt and maturation also interact
with the insulin pathway to generate overall effects
on growth (Shingleton and Frankino 2018). It is also
clear that there are other ways of altering the relative
growth of body parts that can operate locally, for
example, within certain tissues. Organs behave as if
they have a target size, and will often undergo compensatory growth if they are manipulated to retard
their growth early in development, a process that
also seems to involve insulin-like peptides
(Shingleton and Frankino 2018). With candidate
pathways in hand, the ability to manipulate their
expression greatly simplifies the completion of a genotype–phenotype map. Large manipulations of
function may have phenotypic effects well beyond
the range of natural variation, making it relatively
easy to detect the pleiotropic effects of those manipulations even without an a priori set of target
phenotypes.
On the other hand, the notion that a small number of master regulators are responsible for the majority of natural phenotypic variation has not fared
well as our ability to map genome-wide variation has
accelerated. Therefore, to answer the question about
the genetic basis for the evolution of allometry, we
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issues concerning the evolution of allometry.
Allometry of the L2 vein evolves very slowly, as
does allometry of many other traits in a wide variety
of taxa. The available explanations for this relative
stasis involve some combination of genetic constraints and natural selection.
Using large scale quantitative genetic experiments
in the Drosophila wing, we can decisively reject the
pure constraint hypothesis that stasis is due to an
absolute lack of genetic variation. Inbred line analyses
indicate among line variance in slope and intercept,
and we have caused the uncharacteristically rapid evolution of L2 allometry to the outer limits of that
found in the family Drosophilidae with just 1 year
of artificial selection. When we relaxed artificial selection on intercept-selected and allometry-selected populations, we obtained strikingly different results: the
allometry-selected lines raced back toward the starting
allometry, while the intercept selected lines returned
toward the starting intercept very slowly. If direct opposing selection on allometry of the wing was the
primary constraint, perturbing either intercept or
slope should have roughly equivalent fitness costs.
These combined results suggest that unknown
pleiotropic costs of changes to allometry are responsible for its striking evolutionary stasis. The remaining mystery is what generates those pleiotropic costs.
We can imagine them arising from the effects of a
few master regulatory processes, or from the diffuse
effects of perturbations to a wide variety of developmental events. The results of our genetic manipulations were equivocal, but suggest that many
developmental processes have effects on allometry.
We believe that well-designed high-throughput genetic manipulations that target allometric relationships are well worth pursuing in the future. Such
experiments will have the ability to resolve some of
the pressing questions about the evolution of
allometry.
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treatments. The average quantile of the observed
slope variance was higher in the knockdowns than
the controls for all phenotypes except the length of
vein 2, and for the average quantiles across all traits.
On average 1.52 of the four measured allometric
relationships showed significantly increased variance
in the RNAi knockdowns, while 0.75 showed significantly increased variance in the four control experiments. Genes in a wide variety of pathways had
highly significant effects on the variance in slope,
including representatives of the Dpp, wingless, hippo
pathways, as did some of the genes with unknown
function, such as those with a ‘CG’ designation.
In the combined leg–wing experiments, knockdown experiments also resulted in increased slope
variance, while variance increased somewhat less in
most control crosses. One control set showed highly
significant increases in slope variance in allometry in
four leg segments, despite the lack of a gene knockdown. While the mean number of significant
changes in slope was 2.8 per knockdown experiment,
and 1.7 in controls, in this set of experiments, the
average quantile of the observed variances was not
significantly different between knockdowns and controls. If there were a global allometric process, we
would expect that knockdowns that increased slope
variance in legs would also increase slope variance in
wings. The observed correlation was 0.32 (P ¼ 0.09).
Our results from these experiments are consistent
with the possibility that many different genes and
pathways can contribute genetic variation in allometry. The paradox raised by these results is that the
strength of the pleiotropic constraints suggested by
the rapid recovery toward the naturally evolved allometric slope would be readily explained if there were
a simple master regulator of allometry throughout the
body. Perturbing such a process would have predictable and widespread pleiotropic effects that would
explain how costly to fitness such a perturbation
appears to be. Our knockdown experiments instead
seem consistent with many developmental processes
having potential effects on allometry, as does the apparently highly polygenic basis for genetic variation in
allometry. In this case, we then have to imagine that
each of the many alleles capable of changing allometry
is deleterious due to its own unique set of pleiotropic
effects. In that case, the task of understanding the
pleiotropic constraints will not be accomplished by
the study of particular phenotypes.
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