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Heterogeneous environments are typically expected to maintain more genetic variation in fitness within populations than homo-
geneous environments. However, the accuracy of this claim depends on the form of heterogeneity as well as the genetic basis
of fitness traits and how similar the assay environment is to the environment of past selection. Here, we measure quantitative
genetic (QG) variance for three traits important for fitness using replicated experimental populations of Drosophila melanogaster
evolving under four selective regimes: constant salt-enriched medium (Salt), constant cadmium-enriched medium (Cad), and two
heterogeneous regimes that vary either temporally (Temp) or spatially (Spatial). As theory predicts, we found that Spatial popula-
tions tend to harbor more genetic variation than Temp populations or those maintained in a constant environment that is the same
as the assay environment. Contrary to expectation, Salt populations tend to have more genetic variation than Cad populations
in both assay environments. We discuss the patterns for QG variances across regimes in relation to previously reported data on
genome-wide sequence diversity. For some traits, the QG patterns are similar to the diversity patterns of ecological selected SNPs,

whereas the QG patterns for some other traits resembled that of neutral SNPs.
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spatial and temporal heterogeneity.

Genetic variation in fitness has important impacts on several
aspects of evolution, including the potential to adapt to novel
selection pressures, the evolution of life-history traits, and the
fitness consequences of different reproductive modes (e.g.,
asexual vs. sexual; selfing vs. outcrossing). Therefore, it is
fundamental to understand the processes maintaining genetic
variation in fitness within populations (Mitchell-Olds et al.
2007; Leffler et al. 2012). Although mutation—selection balance
undoubtedly contributes to the variation in fitness, it is unable
to fully account for empirical observations (Charlesworth and
Hughes 2000; Johnson and Barton 2005). The alternative
is that variation is maintained by some forms of balancing
selection, including negative frequency-dependent selection,
overdominance, and environmental heterogeneity. The relative
importance of these processes is still unknown. In this study,
we examine how different forms of environmental heterogeneity
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affect quantitative genetic (QG) variance in fitness-related traits
in experimental Drosophila melanogaster populations.

A common feature of natural environments is that they
change over time or space, or both. The predicted effects of differ-
ent types of heterogeneity on genetic variation in fitness depend
on assumptions regarding the genetic architecture of traits under
differential ecological selection. If alternative alleles are favored
in different environments (environmentally antagonistic selection,
EAS), classic theory predicts low levels of variation in popula-
tions experiencing constant environments, more variation with
temporal heterogeneity, and the highest levels of genetic variation
for fitness in populations experiencing spatial heterogeneity (i.e.,
Veonst < Viemp < Vspaiiat; Levene 1953; Dempster 1955; Felsen-
stein 1976).

Rather than being environmentally antagonistic, allelic vari-
ants could be conditionally neutral (CN) whereby the two alleles
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at a locus are selectively neutral in one environment (e.g., En-
vironment A) but with differential fitness effects in an alternate
environment (Environment B) (Kawecki 1994; Fry 1996; Whit-
lock 1996). The disfavored allele will be eliminated in a popula-
tion that only experiences Environment B, but the polymorphism
could persist for much longer in a population that only experi-
ences Environment A (Hoffmann and Merila 1999). Therefore,
the genetic variation for fitness assayed in Environment B will be
much higher for populations constantly evolved in Environment
A than those in Environment B. The reverse would be expected if
the fitness was assayed in Environment A, assuming some other
loci were neutral in A but selected in B. In other words, we expect
that a population that never experiences an environment will ex-
press higher genetic variation for fitness than a population adapted
to that environment (i.€., Vadapred < VNonadaprea)- FOr populations
that experience both environments, CN alleles experience half as
much directional selection. Therefore, before reaching equilib-
rium, populations under heterogeneous regimes are still expected
to harbor more genetic variation for this locus than the constant
populations adapted to the selective environment (i.e., Vaguprea <
VHeterogeneous)-

Comparing different forms of environmental heterogeneity,
one would predict variation would persist longer with spatial het-
erogeneity than temporal heterogeneity (i.e., Vzemp < Vspariar) be-
cause the persistence of alleles whose fitness vary over time is
determined by their geometric mean fitness over time (ignoring
complications from dominance; Felsenstein 1976). It should be
noted that EAS and CN are only two of many possible models
of gene action. Across the genome, some loci under differen-
tial ecological selection may follow one model, whereas other
loci follow the alternative. Other loci may follow intermediate
models between them (e.g., alternative alleles are favored in dif-
ferent environments with very different strengths of selection),
but the amount of fitness variation caused by these loci should
follow the predictions shared by the two models (e.g., Vadaprea <
Vieterogeneous Ad Viep < Vspariar). Our main goal here is to test
hypotheses about the levels of genetic variation in different selec-
tive regimes; we do not attempt to identify the mode(s) of gene
action underlying this variation.

Some of the predictions above rely on populations being at
or near equilibrium. Other sources of variation (other than EAS,
CN, or related modes of gene action) could be important in the
transitory phases of adaptation. Moreover, genetic drift can cause
patterns different from those predicted by deterministic models.
The work presented here and earlier experiments discussed below
typically involve populations with small to moderate population
sizes that have existed in their experimental selective regimes for
tens to hundreds of generations. Thus, deviations from a determin-
istic equilibrium model represent an important set of caveats in
interpreting the results. Fortunately, those genes with large effects,
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which have the inherent potential to make large contributions to
the variance, should be less affected by genetic drift and approach
their equilibria quickly.

Since the 1960s, the effect of environmental heterogeneity on
QG variance has been examined using experimental evolution in
Drosophila. Of the early studies, mostly on bristle number, com-
paring homogeneous environments with temporal heterogeneity
(Beardmore 1961; Long 1970; Verdonck 1987) or with spatial
heterogeneity (Garcia-Dorado et al. 1991), only one found a sig-
nificant increase in additive genetic variation (V) in temporally
heterogeneous environment (Beardmore 1961). Also, none of the
studies compared the effects of temporal and spatial heterogene-
ity specifically. An influential study (Mackay 1981; using ethanol
vs. standard fly medium) found that both types of heterogeneous
environments had two times more V, in sternopleural bristles
and body size than the homogeneous (constant environment) con-
trol. Interestingly, the temporal regime maintained even more Vi
than the spatial one, which is not predicted by the classic theory
(Felsenstein 1976). However, Mackay’s influential experiment in-
cluded only one type of constant population. Heterogeneous popu-
lations evolved in both standard and ethanol-enriched medium but
the “constant control” was only maintained in standard medium;
there was no “constant ethanol-enriched” control, making it chal-
lenging to distinguish between effects of maintenance in ethanol
vs. heterogeneity per se. More recently, Yeaman et al. (2010)
found no effect of temporally or spatially variable temperature on
the maintenance of V), in wing shape. One difficulty with these
studies is that it is often not clear what type of selection the traits
experience (e.g., stabilizing, directional, disruptive) and the extent
to which it differs between environments.

In other systems, allozyme studies have found heterozygosity
tends to increase under heterogeneous environments (McDonald
and Ayala 1974; Powell and Wistrand 1978; but see Haley and
Birley 1983). However, these results are based on a handful en-
zyme markers, and it is unclear whether these loci experienced dif-
ferential selection between environments or affected fitness at all.
Similar to the studies with quantitative traits, few of them directly
examined the difference between temporally and spatially het-
erogeneous regimes. More recently, Venail et al. (2011) evolved
bacteria under constant or heterogeneous carbon substrates and
found the genetic diversity on growth rate consistent with the
theory (i.e., Veonst < Viemp < Vspasiar)- However, the “spatial het-
erogeneity” in their study involves no migration between habitats
and, thus, is fundamentally different than other studies and theory.
Further, the lack of recombination in prokaryotes could magnify
the effect of directional selection and balancing selection on the
overall genetic variation via strong linkage effects.

Here, we reexamine the effects of environmental het-
erogeneity using 20 replicate experimental populations of
D. melanogaster divided equally among four regimes: one
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constant regime always in salt-enriched medium (Salf) and one
constant regime always in cadmium-enriched medium (Cad), a
temporally heterogeneous regime (7emp) in which populations
switched between salt and cadmium medium in alternating gen-
erations, and a spatially heterogeneous regime (Spatial) in which
the population was split between the two mediums but surviving
adults were mixed before producing offspring for next generation.
After 45 generations of experimental evolution, we used a half-
sib breeding design to estimate the variance among sire families
(Vsire), which is directly related to the additive genetic variance
(Falconer and Mackay 1996). This was done for three fitness-
related traits in both assay environments: egg to adult survival,
male body mass, and female body mass.

These populations have been studied previously from other
perspectives relevant to genetic variance. Inbreeding depression,
measured after approximately 20 generations, varied among se-
lective regimes in several ways (Long et al. 2013). Notably,
inbreeding depression was higher in populations from heteroge-
neous regimes than from homogeneous regimes. Although it also
depends on other factors (e.g., dominance), inbreeding depression
is proportional to levels of polymorphism such that populations
with more polymorphism should tend to have more inbreeding
depression (Lynch and Walsh 1997). After approximately 40 gen-
erations, pooled sequence data were used to compare levels of
within-population sequence diversity (Huang et al. 2014). Levels
of diversity varied among selective regimes, but patterns differed
between putatively selected versus neutral sites (see Discussion).
With the data presented below, this is the first system in which the
effects of environmental heterogeneity have been considered with
respect to genome-wide patterns of molecular variation as well as
QG variation in several important traits. The relatively high levels
of uncertainty in estimates of QG variation of individual popula-
tion limits our ability to make quantitative comparisons between
QG and sequence diversity, but we discuss the similarities and
differences between the major among-treatment patterns in the
two data types.

Materials and Methods

HISTORY OF SELECTION POPULATIONS

The selective histories of the ancestral and experimental popula-
tions are illustrated in Figure 1. A population of D. melanogaster
was collected in the Similkameen Valley, British Columbia in
2005 and maintained in regular benign conditions at large size
(approximately 2000—4000 adults), referred to as the “Grand
Ancestor” (GA). In July 2007, a subset of flies from the GA
population was used to initiate a population maintained in a
cadmium-enriched medium with population size approximately
1000, referred to as the “Ancestral Cadmium” (AC) population. In
August 2008, a subset of flies from the GA population was used

2005 - benign
2007=- A N . . N . N N
cadmium I\
2008- - I\
\
2009-- - —---—- - i : -==N
\
GA A Treatmgnt AC
populations

Figure 1. Selection history of the experimental populations. The
Grand Ancestor population (GA) was maintained in benign labora-
tory conditions, and was used to initiate populations maintained
on salt-enriched media (AS) or cadmium-enriched media (AC). The
treatment populations were produced by crossing two ancestral
population AS and AC. There are five replicate populations of each
of the four treatments (not illustrated).

to initiate a population maintained in a salt-enriched medium
with population size approximately 1000, referred to as the
“Ancestral Salt” (AS) population. During the adaptive history,
the concentration of cadmium and salt in the environments
was progressively increased, reaching 75 pg/mL and 33 mg/L,
respectively, at the starting time of our experiments.

In October 2009, 448 males and 448 virgin females were
collected from both the AC and AS populations and crossed with
flies from different populations via mass mating. The offspring
from next generation were randomly divided into four selec-
tion regimes: constant salt-enriched environment (Salf), constant
cadmium-enriched environment (Cad), alternating each genera-
tion between salt- and cadmium-enriched environments (7emp),
and a “spatial” mix of the two environments each generation
(Spatial). For the Spatial regime, the same number of adult flies
produced by the two environments was mixed for each environ-
ment for the next generation (i.e., a “soft” selection regime sensu
[Wallace 1975]). After 1.5 days for mating, the adult flies were
transferred to new food to produce progeny. Twelve days after
eggs were laid, the eclosed offspring were collected as new par-
ents. Each selection regime had five replicate populations with
population size of 448 adults with equal sex ratio, distributed
evenly into 14 vials. Further details of the establishment and his-
tory of these populations are described in Long et al. (2013).

BREEDING DESIGN, SURVIVAL, AND BODY MASS
MEASUREMENTS

We aimed to study QG variance in traits with strong connec-
tions to fitness because the predictions from the simple models
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discussed above pertain to variance in fitness. Ideally, we would
have measured male mating success and female fecundity rather
than body mass, but this was logistically impossible when at-
tempting a half-sib design with 20 populations. Body mass is
expected to be important for male mating success and female fe-
cundity (Bangham et al. 2002; Byrne and Rice 2006). Although it
is generally believed there is directional selection on female body
size in D. melanogaster, the evidence for directional selection
on male body size is more mixed (Pitnick and Garcia-Gonzalez
2002; Friberg and Arnqvist 2003; Prasad et al. 2007) and caution
should be used in interpreting male body size. Furthermore, in
our populations, the parents for the next generation need to eclose
within 12 days. Therefore, body size may be under conflicting
selection pressures because of its presumed negative relationship
with development rate but its positive relationship with female
fecundity and (putatively) male mating success. Although stabi-
lizing selection on body size is a possibility, it is worth noting that
deleterious alleles reduce body size (Sharp and Agrawal 2012;
Bonduriansky et al. 2015), as expected if selection on body size
is usually positive and directional.

The genetic crosses to assay additive genetic variation started
in generation 45 after the establishment of the experimental popu-
lations. The 20 populations were divided into five blocks for each
of the two environments (75 pg cadmium or 6% salt medium,
assayed separately). Each block included one replicate popula-
tion from each selective history, assayed in one environment. The
last block was assayed in generation 57. To control for maternal
effects, flies from different populations were reared in the same
benign environment for one generation before the assay. The re-
sulting offspring were used to produce approximately 40 half-sib
families (one sire mated with four dams). Each mated female was
allowed to lay eggs for approximately 20 h in one vial containing
salt- or cadmium-enriched medium, as appropriate for the block.
After removing the focal female and counting the number of eggs
per vial, about 130 competitor eggs were added to each vial via
pipetting. The competitor eggs were collected from a population
of salt- or cadmium-adapted white-eye flies, used in the different
assay environments, respectively. After 12 days, the number of
focal adult flies from each assay vials was recorded and divided by
the number of focal eggs to calculate the survival (p) for the dam
family. To measure the body mass, three focal males and three
focal females are sampled randomly from the progeny for each
dam family. We measured the combined dry weight of three off-
spring of each sex. In some cases, fewer than three offspring were
weighed. For data analysis, we used the mass per offspring (i.e.,
dividing the combined mass by the number of offspring weighed).

ANALYSIS
We analyzed each trait separately; we did not attempt any multi-
variate analyses. In our first set of analyses, each population was
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analyzed separately. For each trait, the sire variance (V;,) and
residual (Viegiguqr) for each trait within each replicate population
in each environment was estimated by the package MCMCglmm
(version 2.21) in R (version 3.1.2). The random effects model was

Zij:u-f-Sj-‘r-S,

where the Z;; is the trait value of the ith dam family within the jth
sire and ¢ is the residual. The p is the mean for the population.
The sire effect S was treated as random effect. Note that no “dam”
effect is included in the model because for each trait we only
had a single observation per dam. For male and female mass, we
used family = “Gaussian,” whereas survival was modeled as a bi-
nomial trait using family = “multinomial2.” (Note MCMCglmm
assumes additive overdispersion and this is responsible for the
residual term in the model.) For male and female body mass, we
excluded the outliners beyond 3 SDs for each population. We
used priors that were uninformative with respective to variances
(V=107 nu = —2). (The resulting posteriors were consistent
with values obtained from non-Bayesian analyses, e.g., using Imer
or glmer for mass and survival, respectively.) Each MCMCglmm
model was run for 5 x 107 iterations following a burn-in period
of 10*. The samples from the MCMC chain were thinned to every
50 values so that the autocorrelation between stored values was
less than 0.1. For survival, values from the MCMC chain (pos-
terior distribution) were back-transformed to the original scale.
The most probable estimates (posterior modes) and 95% high-
est posterior density region of W, Vi, and Viesiqua were obtained
via function posterior.mode and HPDinterval (Hadfield 2010). For
survival, the reported values have been back transformed from the
link scale to the original (data) scale. The total variance (V) is
the sum of the Vi, and V,e5iqua-

Our main analyses focus on differences among treatments. In
addition, we also inspected these patterns while controlling for the
differences in phenotypic variance and mean among populations
by standardizing V. by the total variance (V;e/Vioa1) Or by the
mean W (/) (modified from Houle 1992; see also Hansen et al.
2011; Houle et al. 2011; Garcia-Gonzalez et al. 2012):

2
Lire = xire/lL .

To test our hypotheses, we compared the sire variances be-
tween specific pairs of selective histories. Both the EAS and CN
models predict that populations from the heterogeneous regimes
should have higher genetic variation in fitness than populations
from the homogeneous treatment when assayed in its adapted en-
vironment, though this prediction is stronger under EAS. Both
models also predict Vi, < Vspariar- Only the CN model predicts
Vadapted < VNonadapted-

To test the predictions from the simple models in the Intro-
duction, we made three types of comparisons with respect to the
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amount of sire variance in each environment. First, we compared
the two constant regimes with each other to contrast the popula-
tions adapted to the assay environment with those not adapted to
it (Adapted vs. Nonadapted). Second, we compared populations
from constant regime adapted to the assay environment and to
the populations from heterogeneous selection regimes (Adapted
vs. Temp as well as Adapted vs. Spatial). Third, we contrasted
the alternative forms of heterogeneity with each other (Temp vs.
Spatial).

Our comparison between treatments accounts for the uncer-
tainty in the V. estimate for each population as well as the true
differences in the variances among populations from the same
treatment. First, we obtained the approximate posterior distribu-
tion of Vy;,, (back transformed to original scale for survival) from
MCMCglmm for each population, which we discretized into 1000
bins. Let P;; be the (posterior) probability that the true value
of Ve for replicate i is within bin j. For selection regime ft,
we assumed the sire variances follow a gamma distribution with
shape k; and scale 6,, G(k;, 6;). Our goal was to test whether
the means of sire variances significantly differ between selective
regimes. Therefore, we used the mean (m) and variance (v) to
represent the shape (k = m?/v) and scale (6 = v/m) in the gamma
probability function for the Vg, in each regime. The likelihood
for population i from treatment zis [, ; = Zj P iDlj, Glk:, 611
where D[j, G] is the density of the gamma function over the in-
terval spanned by bin j. The log likelihood for treatment ¢ is the
sum of log(l;;) across the replicates i € {1,...,5}. In comparing
two treatments, the “full” model allowed the gamma distributions
for each treatment to have separate means and variances. The
maximum likelihood was calculated by function optim (using
the “Nelder—Mead” method for rough optimization first and then
“BFGS” for fine scale of optimization); 50 different initial start-
ing values were used to help ensure we had arrived had a global
maximum. We reran the model with the means of the gamma dis-
tributions constrained to be equal between regimes (but allowing
each gamma distribution to have a unique variance). The differ-
ence in —2log-likelihood values between the full model and the
constrained model was compared to a chi-squared distribution
with one degree of freedom to obtain the P-value.

COMPARISON WITH THE SEQUENCE DATA OF THESE
POPULATIONS

As reported elsewhere (Huang et al. 2014), the genome-wide
sequence diversity of these populations was previously surveyed.
There are different patterns of within-population diversity for sites
that are strongly or weakly differentiated between environments.
Here, we examine whether the sequence diversity can predict the
QG variance across all 20 experimental populations. The model
is

Vsire = & + Vi + Vi + Regime + Block + &,

where Vy is the diversity for the sites that are strongly differen-
tiated between environments (enriched for targets of differential
ecological selection) and V, is the diversity for weakly differen-
tiated sites (enriched for sites that are neutral or under uniform
selection; see Huang et al. 2014 for more details). We repeated
the analysis for each of the three traits in either cadmium or salt
environment. This approach is crude as it ignores the considerable
uncertainty in estimates of V;,, and relies upon the robustness of
the analysis to violations of the assumption that the distribution
of sire variances within treatments is Gaussian.

Results

DIFFERENCES IN MEANS AMONG SELECTIVE
REGIMES

The homogeneous populations (Cad or Salf) had higher mean
survival as well as higher female and male body mass when as-
sayed in the environment of their selective history compared to
the homogeneous populations from the alternative environment
(Fig. 2). All comparisons between Cad and Salt are significant at
P < 0.05 (r-test), except male mass assayed in salt and this is also
in the expected direction. These results suggest that the homoge-
neous populations have adapted to their respective environments
and that some of the alleles affecting these three traits are under
differential selection between environments.

As shown in Figure 2, the heterogeneous populations (7emp
and Spatial) had considerably higher trait values than the non-
adapted homogeneous populations, indicating the heterogeneous
populations are reasonably well adapted to both environments. For
example, heterogeneous populations have similar means to homo-
geneous adapted populations for survival in the cadmium environ-
ment and male body mass in the salt environment, possibly sug-
gesting an important role for conditional neutrality. The survival
results are qualitatively similar to those reported by Long et al.
(2013) from an earlier time point (approximately generation 20).

AMONG-SIRE VARIATION IN ALTERNATIVE
SELECTION REGIMES

The point estimates for the among-sire variances from MCM-
Cglmm models are shown in Figure 3. It is well known that mea-
surement error on variance components is large unless a very large
number of families are measured (Robertson 1959; Falconer and
Mackay 1996). Because we were estimating variances in a large
number of populations, we measured only a moderate number of
families per population, and consequently none of the individual
population estimates are highly precise. In many cases, the sire
variances were not significantly different from zero and the 95%
highest posterior density regions are broadly overlapping with
each other (Fig. 3). Nonetheless, patterns emerge when comparing
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Figure 2. The mean trait values for each replicate population (represented as points) in each assay environment. The top panel is
survival, the middle panel is female body mass and the bottom panel is male body mass. The left column shows results from cadmium
assay environment and the right column shows results from salt assay environment. Within each regime, replicate populations 1-5 are
shown from left to right. Each dot represents the posterior mode and the error bar represents the 95% highest posterior density region.
The gray bar represents the grand mean of survival across the five replicates.

variances among replicate populations from alternative selective
regimes.

For each fitness-related trait in each environment, we statis-
tically tested the following four major predictions. (1) Between
the two homogeneous selection regimes, the populations adapted
to the assay environment should have less variance than the non-
adapted ones (Adapted < Nonadapted). (2) The adapted homo-
geneous populations should have less variation than the Temp
heterogeneous populations (Adapted < Temp). (3) The adapted
populations should have less variation than the Spatial popula-
tions (Adapted < Spatial). (4) Between the two heterogeneous
regimes, the 7emp populations should have less variation than the
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Spatial populations (Temp < Spatial). The results are shown in
Figure 3 and a summary of the tests is shown in Table 1. The
patterns remain quantitatively similar after standardization by the
total variance (Fig. S1) or by the mean (/i) (Fig. S2).

Visual inspection of Figure 3 with respect to the Adapted <
Nonadapted hypothesis reveals that three of six cases (three traits
in two assay environments) trend in the direction of the hypothesis,
while the remaining trend in the opposite direction. Two of these
tests are significant; both are in the predicted direction but both
involve assays in cadmium so that the Adapted < Nonadapted
prediction can be recast as Cad < Salt (P = 0.00011 for survival;
P = 0.0347 for female mass). In fact, Cad tends to have less
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Figure 3. Sire variance (V) for survival (A and B), female body mass (C and D), and male body mass (E and F) in cadmium and salt
assay environments. Within each regime, replicate populations 1-5 are shown from left to right. The error bars indicate the 95% highest

posterior density region. The gray bar presents the most likely mean Ve value for the regime, obtained from the maximum likelihood
model. Horizontal solid lines linked across regimes indicate the V;.. are significantly different between the two regimes (P-value < 0.05,
likelihood ratio test). The dashed line indicates marginally nonsignificant (0.05 < P < 0.09).

Table 1. The numbers of test results that support (S), oppose (O)
the hypothesis or are ambiguous (A) across the three traits in each
environment.

Cadmium Salt Total
Hypothesis S,0, A S,0, A S,0, A
Adapted < Nonadapted 2,0,1 0,0,3 2,0,4
Adapted < Temp 0,0,3 0,0,3 0,0,6
Adapted < Spatial 2,0,1 1,0,2 3,0,3
Temp < Spatial 0,0,3 2,0, 1 2,0,4

“S" (O) means that the two selection histories show a significant difference
in sire variance in same (opposite) direction to that predicted (P < 0.05). “A”
(ambiguous) means there is no significant difference. The specific compar-
isons that have significant differences can be seen in Figure 3.

variation than Salt, regardless of the assay environment (all six
cases). Although the data offer more support for Adapted < Non-
adapted than they do for the opposite (Adapted > Nonadapted),
a simpler interpretation is Cad < Salt.

For the Adapted < Heterogeneity prediction, among the to-
tal 12 comparisons (two types of heterogeneity in both environ-
ments), 10 cases are in the predicted direction (three of which are
significant; Fig. 3, Table 1). However, there is much stronger sup-
port for Adapted < Spatial than Adapted < Temp. For Adapted <
Spatial, all six cases follow the expected direction, with three tests
being significant and two more are only marginally nonsignifi-
cant (Fig. 3, Cad vs. Spatial in cadmium, P = 0.019 for survival,
P = 0.043 for male mass, and P = 0.083 for female mass; Salt vs.
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Spatial in salt, P = 0.039 for male mass and P = 0.062 for sur-
vival). In contrast, the results comparing Adapted and Temp are
mixed: four cases are in the predicted direction, but the other two
are opposite; none of the contrasts are significant (though for male
mass in cadmium, the comparison is marginally nonsignificant in
the predicted direction: Cad vs. Temp: P = 0.066).

Theory predicts that V7, < Vspaia and our data are gener-
ally consistent with this. All six cases follow the predicted direc-
tion and two tests are significant and one other is only marginally
nonsignificant (P = 0.026 for survival in salt; P = 0.033 for female
mass, and P = 0.08 for male mass in salt). Furthermore, for female
mass in salt, there is a striking difference in the amount of varia-
tion between the two heterogeneities, with the Temp regime being
lowest among the four regimes and the Spatial being highest. This
pattern is unexpected from the simple models we introduced ear-
lier and we will discuss the potential reasons for this observation
later. In total, these results confirm the distinct effects of temporal
and spatial heterogeneity on genetic variation in fitness.

The results above encompass 24 comparisons and the re-
ported P values are not adjusted for this. Applying a sequential
Bonferroni correction across all 24 comparisons (see Table S1
for full list of raw and adjusted P values), leaves only one test
significant (Cad vs. Salt for viability assayed in cadmium). How-
ever, we believe this type of correction is inappropriate here (see
Discussion).

Because we previously performed whole genome resequenc-
ing on these populations (Huang et al. 2014), we attempted to
investigate whether the molecular diversity predicts the amount
of QG variation. However, there were no significant relationships
between molecular diversity and QG variance after accounting for
treatment and block. This negative result is not surprising given
the high degree of measurement error in individual estimates of
Viire (Fig. 3), making it difficult to detect significant relationships
at the population level (i.e., within regimes). In the discussion
below, we qualitatively compare the patterns for sequence data
and the QG results at the regime level.

Discussion

Theory predicts that heterogeneous environments can maintain
more genetic variation in fitness than homogeneous environ-
ments (Felsenstein 1976; Burger and Gimelfarb 2002; Spichtig
and Kawecki 2004; Turelli and Barton 2004). However, the ef-
fects of heterogeneity depend on the type of heterogeneity (e.g.,
temporal or spatial) and the nature of the genetic architecture
underlying the traits (e.g., EAS or CN). However, previous at-
tempts using experimental evolution have yielded mixed results
and often have not found a significant difference in genetic vari-
ation between selection regimes. Further, a number of the pre-
vious studies did not compare the effects of different forms of
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heterogeneity (Beardmore 1961; Long 1970; Riddle et al. 1986;
Verdonck 1987; Garcia-Dorado et al. 1991). In other cases, it was
unclear whether the different environments were relevant to the
measured trait (McDonald and Ayala 1974; Powell and Wistrand
1978; Haley and Birley 1983). In this study, we first showed phe-
notypic divergences in trait means between the populations in
two constant environments in the expected directions. We then
compared the QG variation among different selection regimes
for these traits, but the considerable measurement error limited
our power. Spatial heterogeneity tended to harbor more genetic
variation in fitness traits than those maintained with temporal het-
erogeneity or “adapted” populations from constant environments.
However, our results are mixed and many of the comparisons are
not statistically significant.

Further, our examination of genetic variances involves 24
comparisons and it is unclear how to deal with multiple testing.
Seven of the individual tests are significant even though only
approximately one false positive (not seven) is expected when
performing 24 tests if there were no true effects. Notably, the
seven significant tests do not appear randomly distributed with
respect to which of the four tested hypotheses they fall under
or the direction of differences, as expected with false positives
(Table 1). Yet, a sequential Bonferroni correction renders six of the
seven tests nonsignificant, perhaps reflecting the known property
of Bonferroni corrections to be overly conservative. Moreover, the
standard philosophy motivating multiple comparison corrections
does not seem to apply here. Correction for multiple testing is
most often performed when numerous variables are being “tried”
against a single response variable (e.g., relating SNPs to a trait).
In contrast, our tests span four different hypotheses based on theo-
retical predictions regarding alternative selective regimes (Quinn
and Keough 2002). Within each of these four hypotheses, there
are six tests considering three traits in each of two environments.
For example, two of six tests of the “Spatial > Temp” hypothesis
are individually significant, the other four are not, but all go in
the predicted direction. Should these nonsignificant comparisons,
which also go in the predicted direction, make us more suspicious
of the two comparisons significantly supporting the hypothesis
(as implicitly occurs under a correction for multiple tests) or, con-
versely, strengthen our confidence in the hypothesis (as would
occur using a “combined P-value” approach)? For conservative
readers, we have noted how limited our statistical support is after
a sequential Bonferroni correction, though we do not believe this
is the most appropriate way to view the results.

COMPARISON IN PATTERNS OF GENETIC VARIATION
ACROSS REGIMES WITH SEQUENCE DIVERSITY

We have also applied whole genome resequencing to these same
experimental populations (Huang et al. 2014). To our knowledge,
this is the first case applying both classic QGs and population
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genomics to study genetic variation in the same set of experi-
mental populations. Both approaches have strengths and provide
different insights into this long-standing problem. Sequencing
provides arelatively “unbiased” survey across the genome; it does
not rely on assaying only those traits that are feasible to measure
in a large QG experiment in certain environments. Second, it is
possible to plausibly distinguish between sites under differential
ecological selection (or those linked to such sites) and those that
are not, allowing a comparison of how alternative regimes affect
qualitatively different classes of sites (e.g., selected vs. neutral).
The “selected sites” capture those sites that affected total fitness
(directly or indirectly), not just those sites affecting measurable
fitness components, enabling a better test of selection-based hy-
potheses. The “neutral sites” reveal the effect of genetic drift,
enabling us to distinguish the effects of ecological differential
selection on diversity from the neutral processes.

The classic QG approach allows us to estimate the genetic
variance for traits of known biological interest (e.g., life-history
traits, morphological traits) and/or fitness components directly.
In contrast, fitness effects for SNPs are inferred indirectly and
this process is noisy. Sets of SNPs enriched for selective targets
are readily found from sequence data, but identifying which of
these SNPs truly affect fitness or specific traits can be difficult,
if not impossible (Kofler and Schlotterer 2014; Baldwin-Brown
et al. 2014). In our data (Huang et al. 2014), many SNPs among
the set enriched for targets of differential ecological selection are
expected to be due to linkage effects and not true targets of se-
lection. Further, the set of sites that we treat as reflecting patterns
of neutrality will include some sites that affect fitness (both those
under uniform selection across environments and those under dif-
ferential ecological selection but with small effects). In addition,
the additive genetic variance provided by the QG approach may
be more meaningful than sequence variation because the former
reflects the effects of the alleles in a specified environment,
whereas typical sequencing approaches do not. Therefore, the
additive genetic variance is a better measurement of evolvability
for a given trait in a specified environment than can be obtained
from typical polymorphism data. However, estimating QG vari-
ances is laborious, difficult, and subject to relatively high levels
of measurement error.

At generation 42, the 20 populations studied here as well
as the two environmentally specialized ancestral populations (AS
and AC, Fig. 1) and their laboratory source population (GA) were
pool-sequenced to survey genome-wide SNP diversity. For sites
likely under differential ecological selection (and those linked to
them), the pattern of within-population diversity was Cad, Salt
< Temp < Spatial. However, sites likely to be neutral (or un-
der uniform selection between environments) showed a different
pattern: Temp < Cad, Salt < Spatial. Recent theory can explain
these patterns. Environmental heterogeneity could result in bal-

ancing selection, which is expected to increase neutral diversity at
sites closely linked to the targets of balancing selection (Hudson
and Kaplan 1988; Charlesworth 2006). However, Barton (2000)
showed that temporally fluctuating selection is expected to reduce
neutral variation elsewhere across the genome because unlinked
neutral sites experience increased genetic drift due to variance
in fitness from the loci under fluctuating selection (see similar
theoretical results by Gillespie 1997; Taylor 2013).

As we mentioned in the Results, we could not detect any
significant relationships between molecular diversity estimates
and QG variation at the population level, though this may be due
to the high measurement error in QG estimates. The experiment
was designed to examine patterns among regimes (rather than
populations) and we have greater confidence in some of those
patterns. Here, we qualitatively compare patterns at the regime
level in the sequence data relative to those from the QG data.
Some of the QG patterns reported here match the diversity of the
“selected sites,” whereas others match those of the “neural sites”
in the sequence data. For male body mass in both environments
(Fig. 3E and F), the patterns of variation are consistent with the
ecologically selected sites: Cad < Salt < Temp < Spatial. Popu-
lations from heterogeneous regimes tend to express more genetic
variance than populations from the homogeneous regimes,
regardless of whether the latter are adapted to the assay environ-
ment or not. This pattern suggests that loci underlying variation
in male body mass are under antagonistic selection between the
two environments. However, the QG patterns are much weaker
than those in the sequence data (e.g., in the QG data there are
no significance differences between Temp and Adapted and only
three of six comparisons are significant for Spatial and Adapted).

In contrast, the pattern for QG variance in female body mass
assayed in salt (Fig. 3D) matched the diversity of “neutral sites”:
Viire Was lowest in the Temp regime, whereas it was highest, as
expected, in the Spatial. This match to the neutral SNP pattern
is unexpected because female body mass is almost certainly not
neutral and we observed phenotypic differentiation populations
from the two constant environments (Fig. 2, middle panels). Al-
though we have no satisfying explanation for this result and it
could simply be a result of measurement error as the relative or-
dering of V., for Cad, Salt, and Temp is far from certain (Fig.
3D). One alternative possibility is that, temporal heterogeneity
(as opposed to spatial variation) might favor a buffering genotype
(Kassen 2002; Condon et al. 2014) that reduces the average phe-
notypic effect size of variants (a). This reduction in phenotypic
effect size would lead to the unexpectedly low sire variance in
Temp populations even if polymorphism (pg) at selected sites is
high because V; = 2pqa®. However, it seems unlikely a “buffering
genotype” would evolve in approximately 45 generations because
canalization evolves via indirect selection from how it affects the
expression of other loci (Wagner et al. 1997; Ketola et al. 2014).
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INSIGHTS INTO GENE ACTION OF DIFFERENTIALLY
SELECTED LOCI

Both the sequence data and the QG data are suggestive that both
EAS and CN forms of gene action occur. In the sequence data,
the pattern of diversity for the sites under differential selection
followed the pattern expected under EAS: Cad, Salt < Temp <
Spatial. A similar pattern was observed for QG variation in male
body mass. Although the major patterns of sequence diversity in-
dicated EAS, some of the more subtle patterns relating sequence
diversity to initial polymorphism levels suggested some loci were
CN. For QG variances of survival and female mass assayed in
cadmium, the rank order was Cad (Adapated) < Temp < Spatial
< Salt (Nonadapted). This pattern of variation is most consistent
with the prediction from the CN model with cadmium-selected
alleles being neutral in salt. The pattern is also compatible with
the observation that there are approximately 13% more sites that
are putatively selected in cadmium, but neutral in salt than the
reverse type of condition neutrality (7498 vs. 6620 by ad hoc
categorization, Huang et al. 2014). Another potential piece of
evidence is that the mean survival of genotypes from heteroge-
neous populations in cadmium is almost as high as those from the
adapted Cad populations (Fig. 2, top left), suggesting the alleles
adapted to cadmium are able to spread in heterogeneous pop-
ulations, without being selected against in salt (neutral in salt).
Of course, none of the loci involved may be strictly described
by either the EAS or CN models of gene action as there are a
variety of intermediate models that share features of both EAS
and CN models that could explain these observations. Moreover,
all arguments based on the rank ordering of treatments should be
regarded as highly tentative because measurement error of QG
variances makes our certainty in the ordering low.

COMPARISON IN PATTERNS OF VARIATION AMONG
TRAITS

Qualitatively, some QG patterns are similar across all three traits.
For all three traits in both environments V. in the Cad treatment
is low; V. in the Spatial treatment tends to be high. Patterns
for survival and female body size are nearly identical within each
environment and differ in the same way between environments.
Male body size differs more from the other two traits. In partic-
ular, the 7emp treatment has reasonably high V;, for male body
size but has low Vj;, for survival and female body size. Con-
versely, for the Salt treatment measured in cadmium Vy;,, is high
for survival and female body size, but relatively low for male body
size. The aberrant patterns with respect to male body size may be
due to measurement error or be because this trait has a less direct
connection to fitness than the others. As mentioned above, male
body size is the trait least likely to be under strong directional se-
lection, possibly because of a trade-off due to correlated selection
on development time. (Because male flies develop more slowly
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than females, males are more likely to face the risk of failing to
complete development before day 12 in the maintenance schedule
when adults are chosen as parents for the next generation.) We see
reasonably strong divergence between homogeneous populations
in mean male body size, as expected with directional selection, but
less so than for the other two traits (Fig. 2). Although this implies
a history of directional selection during the course of adaptation,
variation in body size within adapted populations may now be
more heavily influenced by genes with antagonistic effects on
development time. Even if directional selection is weaker (or sta-
bilizing rather than directional), it is unclear why this would cause
the particular set of observed differences.

Conclusion
For this set of population, the sequence data provide clues to inter-
preting the unexpected patterns observed in the QG data, whereas
the QG variances offer more meaningful insight into the evolvabil-
ity of traits in specific environments. Although the patterns in QG
data were more ambiguous, both sequence and QG approaches
were consistent with the basic predictions that environmental het-
erogeneity helps to maintain genetic variance in fitness and that
spatial heterogeneity does this more effectively than temporal het-
erogeneity. However, some of the patterns vary between site types
as well as among traits or environments. The measurement error in
the QG data limits our confidence in these patterns, but, assuming
the patterns are real, some of this variation may reflect differing
forms of selection (EAS vs. CN) and/or differences in the relative
importance of selection and drift. Although this experiment is
only a single snapshot of genetic variance in populations evolving
in artificial environments, it reveals a diversity of outcomes even
under well-controlled conditions.

Although experimental evolution provides a means to test
key principles under simpler conditions (Kawecki et al. 2012),
the ultimate goal is to understand the maintenance of genetic
variation within populations in complex natural environments
(e.g., Schmidt and Conde 2006). This will likely require a careful
combination of quantitative and population genomic approaches
(Stinchcombe and Hoekstra 2007; Savolainen et al. 2013), but
presently most such work has been limited to cases of spatial het-
erogeneity with relatively limited migration (e.g., Fournier-Level
etal. 2011; Jones et al. 2012; Langley et al. 2012; Siepielski et al.
2013; but see one temporal heterogeneity case: Bergland et al.
2014). Hopefully, as we gain insights from artificial experiments
and the power of genomic inference increases, we will be bet-
ter prepared to tackle these problems in a broader set of natural

systems.
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