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This study makes the important finding that pleiotropy is positively associated with
parallelism of evolutionary responses in gene expression. This finding, if true, runs
counter to current expectations in the field. The analysis uses state-of-the art
experimental evolution approach to study the genetic basis of adaptation of
Drosophila simulans to a hot environment. Although the experimental results are
convincing, the theoretical model is incomplete, due to several unusual
assumptions. It remains to be seen whether the main conclusion can be replicated in
other contexts.

https://doi.org/10.7554/eLife.102321.2.sa4

Abstract

The phenomenon of parallel evolution, whereby similar genomic and phenotypic changes
occur across replicated pairs of population or species, is widely studied. Nevertheless, the
determining factors of parallel evolution remain poorly understood. Theoretical studies have
proposed that pleiotropy, the influence of a single gene on multiple traits, is an important
factor. In order to gain a deeper insight into the role of pleiotropy for parallel evolution from
standing genetic variation, we characterized the interplay between parallelism,
polymorphism and pleiotropy. The present study examined the parallel gene expression
evolution in 10 replicated populations of Drosophila simulans, which were adapted from
standing variation to the same new temperature regime. The data demonstrate that parallel
evolution of gene expression from standing genetic variation is positively correlated with the
strength of pleiotropic effects. The ancestral variation in gene expression is, however,
negatively correlated with parallelism. Given that pleiotropy is also negatively correlated
with gene expression variation, we conducted a causal analysis to distinguish cause and
correlation and evaluate the role of pleiotropy. The causal analysis indicated that both direct
(causative) and indirect (correlational) effects of pleiotropy contribute to parallel evolution.
The indirect effect is mediated by historic selective constraint in response to pleiotropy. This
results in parallel selection responses due to the reduced standing variation of pleiotropic
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genes. The direct effect of pleiotropy is likely to reflect a genetic correlation among adaptive
traits, which in turn gives rise to synergistic effects and higher parallelism.

Background

Distinguishing selection from stochastic changes continues to be a major challenge in evolutionary
research. The evidence for selection mostly comes from parallel evolution, where similar genes,
traits or functions are identified in replicate populations exposed to similar environments
[1     -4     ]. Given that non-parallel evolution does not preclude the possibility of selection [5     ,
6     ], there has been a sustained interest in elucidating the factors that influence the extent of
genetic parallelism (i.e., how similar is the response of the same gene to selection in multiple
populations from the same/similar ecological niche(s)) [7     ].

It has been proposed that the degree of pleiotropy, the number of traits affected by a single gene,
may be a potential factor associated with parallelism [7     -10     ]. The majority of hypotheses
regarding the influence of pleiotropy on parallel selection responses are (implicitly) related to the
ideas of Fisher [11     ], later modified by Orr [12     ], focusing on the cost of pleiotropy. This
concept posits that any new mutation in a pleiotropic gene results in a shift in trait values away
from their optimum across multiple traits. New mutations in highly pleiotropic genes are more
likely to have negative fitness effects than mutations in less pleiotropic genes as more traits are
displaced from their optima. This “cost of pleiotropy” model [12     ] is evidenced by the lack of
sequence divergence observed in genes with a higher level of pleiotropy [13     -16     ].
Consequently, it can be postulated that less pleiotropic genes are more likely to contribute to
adaptation over long evolutionary timescales, given that they have a higher probability of
accumulating beneficial genetic variants. This results in a more parallel selection response in
different populations/species [17     ].

Fisher’s model of pleiotropy is simplistic in its assumption of uncorrelated traits and uncorrelated
selection. It has been proposed that the influence of pleiotropy on the selection response strongly
depends on the genetic correlation of the affected traits and the underlying fitness function which
connects phenotypic values with fitness [18     -20     ]. If the fitness effects of the affected traits are
positively correlated (synergistic pleiotropy), this may result in stronger net selection [21     ] and
consequently in more parallel selection signatures [22     ]. This implies that the correlation of
fitness effects determines whether pleiotropy increases or decreases parallel selection signatures.

The impact of pleiotropy on parallel evolution has typically been considered in the context of long-
term adaptation via de novo mutations. However, many studies of parallel evolution have focused
on short-term adaptation [e. g. 23, 24-30], where standing genetic variation plays a more
significant role for selection responses than de novo mutations. Nevertheless, it remains unclear
whether a similar impact of pleiotropy on evolutionary parallelism is to be expected for standing
genetic variation.

Indeed, the empirical evidence regarding the role of pleiotropy for intra-specific adaptive
responses is somewhat inconclusive. A gene expression study in European grayling populations
adapted to different temperature regimes provided compelling evidence for the constraining
effect of pleiotropy [31     ], which supports the cost of complexity concept. A comparison of gene
expression changes in natural Drosophila populations along a temperature cline and populations
evolved in the laboratory to different temperature regimes demonstrated the importance of
correlated fitness effects [21     ]. A direct test of the influence of pleiotropy on parallel evolution
was conducted on 19 independent contrasts of stickleback populations [9     ]. The authors
discovered that pleiotropic genes were more likely to exhibit parallel adaptation signatures [9     ],
thereby supporting the importance of synergistic pleiotropy.
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Previous studies on pleiotropy and parallelism did not account for polymorphism (standing
genetic variation), which plays a central role for selection responses during short-term adaptation.
Although natural variation provides the basis for adaptive responses, it is not well-documented
how ancestral variation (polymorphism) determines the level of genetic parallelism during short-
term adaptation in replicate populations. Moreover, polymorphism of a gene is also affected by its
pleiotropic level while the expectations regarding the influence of pleiotropy on the extent of
polymorphism varies. The cost of complexity predicts that pleiotropic genes with uncorrelated
fitness effects will be subject to stronger purifying selection, which will result in reduced
polymorphism. In the case of multiple selected traits with aligned fitness effect, synergistic
pleiotropy may facilitate the occurrence of selective sweeps and thereby reducing variation in
pleiotropic genes. Alternatively, it may be possible that once pleiotropic alleles have been
established in a population, their multivariate fitness effects lead to a balanced polymorphism,
which in turn maintains higher levels of variation. Empirical studies have observed a negative
correlation between the level of pleiotropy and sequence/expression polymorphism [32     , 33     ].
This suggests that pleiotropy may preferentially reduce variation, either by purifying selection,
synergistic effects, or a combination of both.

In this study we employed gene expression analysis to investigate the interplay between
polymorphism and pleiotropy on the degree of parallelism of adaptive responses. We assessed the
selective response by measuring gene expression differences between populations from different
environments, a widely employed approach [e. g. 34, 35-40]. Specifically, we compared gene
expression in the ancestral D. simulans population with that of flies that had evolved for 100
generations in a novel hot temperature regime. To infer parallel evolution, the gene expression
change was measured in 10 replicate populations. By focusing on the evolutionary response, we
circumvent the challenge of connecting the phenotype to an unknown fitness landscape.
Furthermore, we take advantage of well-established pleiotropy estimates [41     -44     ] to evaluate
the influence of pleiotropy on parallel gene expression evolution. The natural variation in gene
expression was determined by examining the differences in expression levels among individual
flies from the ancestral D. simulans population.

We observed significant interplays between pleiotropy, ancestral variation, and parallel selection
responses among genes. The parallelism of gene expression evolution is positively associated with
pleiotropy but negatively associated with the ancestral variation in gene expression. Given that
pleiotropy was also negatively associated with ancestral variation, it is crucial to differentiate
between statistical causality and correlation. Causal analysis revealed that pleiotropy affects
parallel evolution both directly and indirectly via ancestral variation. It is likely that the indirect
effects operate via the reduction of ancestral variation in pleiotropic genes. The direct effects of
pleiotropy on parallelism are probably best explained by synergistic pleiotropy which results in a
stronger selection response.

Methods

Estimating gene pleiotropy
We approximated the pleiotropy of each gene with two alternative estimators, network
connectivity and tissue specificity (τ).

τ indicates how specific the expression of a gene is across different tissues. τ was estimated for
each gene using the adult male expression profiles on flyatlas2 [45     ] as:

, where N is the number of tissues examined and i indicates each of

them [46     ]. If a gene is only expressed in one tissue, τ will equal to 1 while it equals 0 when a
gene is expressed at the same level across all tissues. The relationship between τ and pleiotropy is
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based on the idea that the genes expressed in many tissues are more likely to affect multiple traits
than genes expressed in fewer tissues [41     , 44     , 47     , 48     ]. Hence, we used 1-τ to indicate the
pleiotropic effect of a gene.

Network connectivity has also been used as proxy for pleiotropy, as more connected genes are
likely to be more pleiotropic [16     , 42     , 43     , 49     ]. We used published information about the
transcriptional regulatory network of Drosophila, which was inferred from several sources,
including genome-wide chromatin immuno-precipitation, conserved transcription factor binding
motifs, gene expression profiles across different development stages, and chromatin modification
profiles among several cell types [50     ]. The connectivity for each gene was estimated as the sum
of adjacencies between the focal gene and other genes in the network.

The significant positive correlation (rho=0.54) between 1-τ and network connectivity suggests that
both estimates capture a similar, but not identical, signature of the pleiotropic properties among
the genes (Supplementary figure 1).

We note that approximating pleiotropic effects in D. simulans by using data-rich estimates from
the close relative Drosophila melanogaster could potentially compromise the interpretability of
our results. However, comparative analyses of tissue-specific gene expression have shown an
extremely high consistency across species in animals [51     ] and plants [52     , 53     ]. Hence, these
data suggest that at least for tissue specificity, one of the pleiotropy measures used, estimates from
one species can be safely used for close relatives.

Experimental evolution and common garden experiment
The procedures of the evolution and common garden experiments were described in [5     , 35     ,
54     ]. Briefly, 202 isofemale lines collected from Florida, USA were used to constitute 10 outbred
Drosophila simulans populations, which have been exposed for more than 100 generations to a
laboratory experiment at 28/18 °C with 12hr light/12hr dark photoperiod. The census population
size of each replicate population is 1000 to 1250 adult flies.

Each founder isofemale line was maintained at a small population size (typically less than 50
individuals) at 18 °C on standard laboratory food. Adaptation to the laboratory environment with
the residual heterogeneity or de novo mutation is unlikely due to the small effective population
size during the maintenance of each line [5     ]. This is supported by the observation that 50
generations of maintenance as isofemale lines does not result in significant genetic differentiation
from the ancestral population [55     ]. Furthermore, mutations that occur in the laboratory are
mostly recessive [56     ], and the effects are likely to be masked because after two generations of
random mating during common garden maintenance, most individuals will be heterozygous for
isofemale line-specific variants.

The collection of samples for RNA-Seq was preceded by two generations of common garden
experiment (CGE). As described previously [5     , 35     , 54     ], at generation 103 of the evolution
experiment, five biological replicates of reconstituted ancestral populations were generated by
pooling five mated females from 184 founder isofemale lines [57     ] and reared together with 10
independently evolved populations for two generations with controlled egg density (400
eggs/bottle) at the same temperature regime as in the evolution experiment. Three biological
replicates were included for each independently evolved population (each biological replicate was
cultivated separately for the two generations of common garden). From each biological replicate, a
sample of 50 five-day-old adult males were collected (Figure 1a     ).

https://doi.org/10.7554/eLife.102321.2
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Figure 1.

Overview of the experimental procedures (a) and the variation
in parallel gene expression evolution across genes (b,c).

a. Experimental Evolution: ten replicated populations seeded from one common founder population have been evolving for
>100 generations in a hot laboratory environment at 18 and 28°C. Common Garden Experiment: at the 103rd generation of
the evolution experiment, the ten evolved populations (each with three biological replicates) were maintained together with
the reconstituted ancestral population (with five biological replicates) for two generations in the same environment as in the
evolution experiment. After two generations in common garden, 50 males from each biological replicates were pooled and
subjected to RNA-Seq. b. Replicate frequency spectrum. Number of populations (x-axis) in which a given gene experienced a
significant change in gene expression. The y-axis indicates the number of genes in each category. Most of the genes
experienced a significant change in gene expression in few evolved populations while much fewer genes were significant in
all 10 populations. This pattern suggests that the parallelism in gene expression evolution differs across genes. c. The
distribution of gene expression evolution parallelism (log(1/F)) across genes. Larger log(1/F) values indicate more parallel
evolution of a gene. The exhibit variation suggests that genes varied in their parallelism of its expression evolution.
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Quantifying the evolutionary parallelism in gene
expression across ten replicate populations
The raw RNA-Seq count table of five replicates of the reconstituted ancestral population and 10
independently evolved populations, each with three biological samples, was taken from (Jaksic et
al., 2020). The raw read counts of each gene were normalized with the TMM method implemented
in edgeR [58     ]. Only genes with at least 0.1 normalized counts per million base (CPM) across all
samples were considered for further analysis. Because we are interested in the evolutionary
response in each independently evolved population, we contrasted the three biological samples
from each evolved population to the five biological samples from the ancestral population. The
differential expression (DE) analysis was done separately in each of the ten evolved populations.
For DE analysis, we utilized negative binomial generalized linear modeling implemented in edgeR
to fit the expression to the model Y = E + ε, in which Y stands for gene expression, E is the effect of
evolution and ε is the random error. Likelihood ratio tests were performed to test the effect of
evolution. P-values was adjusted using Benjamini-Hochberg false discovery rate (FDR) correction
[59     ]. After we identified DE genes in each evolved population, we constructed a replicate-
frequency spectrum (RFS; [5     ]). We considered genes with significant changes in the same
direction in at least three evolved populations as putatively adaptive genes.

To quantify the degree of parallel gene expression evolution, we calculated the expression changes
in response to evolution (log2FC; fold change in expression between ancestral and evolved sample;
see below) of each putatively adaptive gene (n=1,775) in each evolved sample.

where yevo, is the expression value (CPM) per gene per evolved sample, and  is the overall
mean expression value (CPM) per gene across five ancestral samples.

We calculated the ratio of between-evolution population variation (MSpop) and residual (MSe)
among the expression changes (log2FC), which is denoted as F.

where Xij represent the log2FC value for the jth biological sample in the ith evolution population.
i=1, 2, …,10, j=1, 2, 3.

As F reflects the heterogeneity of the evolutionary response for a gene across ten evolutionary
populations, we used the reciprocal of F (i.e., 1/F) to quantify the degree of parallelism in gene
expression evolution.

https://doi.org/10.7554/eLife.102321.2
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Estimating gene expression variation
in an outbred ancestral population
The variation in expression of each gene within an outbred ancestral population was estimated
from 20 adult males sampled from an outbred ancestral population [60     ]. We distinguished
biological variation and measurement error of each gene using the statistical method
implemented in edgeR [58     ], where the biological variance across individual (biological
coefficient of variation; BCV; defined in [58     ]) of each gene can be estimated (tag-wised
dispersion). BCV2 was used to represent the expression variance relative to the mean of each gene
within the population. To illustrate that the gene expression variation is not explained by random
measurement error, we took the data from two ancestral population replicates, which are
considered to be genetically identical and calculated BCV2 of expression levels across individuals
for each population replicates separately. We found that both mean and variance in expression for
each gene was similar in two ancestral population replicates (mean: rho>0.99; variance: rho=0.8,
p-value<2.2e-16), suggesting that sequencing noise does not mask the biological variability.

Causal analysis
To infer the causal relationship between three factors: pleiotropy (Pl), ancestral variation (A) and
parallelism (Pa), we applied causal analysis. The causal analysis is built upon a previously
published statistical framework [61     ]. We consider five possible causal relationships between
pleiotropic effects, ancestral variation and parallelism (Figure 5     ). Our goal is to determine
which of the five models is best supported by the data. The selection is based on Bayesian
information criteria (BIC) which are calculated from maximum likelihood of the respective
models. The likelihood of each model is represented as:

p(Pl) is the probability distribution of the pleiotropic effect. To utilize normal probability density
function in the derivation of the likelihoods for each joint probability distributions, we
transformed the random variables Pa and A to be normally distributed (natural log
transformation on 1/F and BCV2). The exact forms of these likelihoods are given in supplementary
information.

For each model, we maximized the likelihood and estimated the parameters using standard
maximum likelihood methods. Based on the maximum likelihood, we computed the BICs for each
model; the model with the smallest BIC is the one best support by the data.

BIC is calculated as:

https://doi.org/10.7554/eLife.102321.2
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Where ℒi is the likelihood for model I-V, kj is the corresponding number of free parameters and n
is total number of putatively selected genes. The analysis was performed independently on two
measures of pleiotropy (tissue specificity and network connectivity).

Estimating the sizes of direct and
indirect pleiotropic effects on parallelism
We used path analysis to estimate the effect sizes of direct and indirect pleiotropic effects on
parallelism [62     ]. We standardized all three transformed variables (Parallelism (Pa), Pleiotropy
(Pl), Ancestral variation (A); see supplementary information) by subtracting the mean and dividing
by the standard deviation for the following analysis.

First, we fit the regression model for all three variables across all putatively adaptive genes:

where ypa stands for parallelism, xA is ancestral variation, xpl is pleiotropy measure and ε is
random error. β1 and β2 are the regression coefficients corresponding to xA and xpl, respectively.

Second, we fit another regression model for ancestral variation and pleiotropy measure across all
putatively adaptive genes:

where yA stands for ancestral variation, xpl is pleiotropy measure and ε is random error. β3 is the
regression coefficient corresponding to xpl.

The sizes of the direct effect of pleiotropy on parallelism will be β2. The size of the indirect effect of
pleiotropy on parallelism via ancestral variation will then be the product of β1 × β3.

The analysis was performed independently on two different measures of pleiotropy.

Computer simulations
In our interpretation of the indirect effect of pleiotropy on parallelism, we assumed that ancestral
variation in gene expression is negatively correlated with its parallel evolution. Because this has
not been previously demonstrated, we used computer simulations to illustrate how the level of
standing genetic variation impacts the parallelism of adaptive responses after a shift in trait
optimum. For simplicity, we considered four redundant genes equally contributing to a fitness-
associated trait. The phenotype (expression level) of each gene is controlled by a different number
of genetic loci (5, 15, 30 and 50) with equal effect. The underlying assumption is that these four
genes are redundant with in terms of their fitness effect during the experimental evolution, but
they exhibit different levels of pleiotropy and thus have historically experienced different levels of
purifying selection, leaving different levels of genetic variation at the start of the experiment.
Using mimicrEE2 [63     ], we evolved 10 replicate populations (N=300) derived from the same set
of 189 natural Drosophila haplotypes [5     ] in same selection regime with a shift in trait optimum
of one standard deviation relative to the ancestral phenotypic distribution. After 100 generations,
we determined the evolutionary parallelism of the four genes using the same approach as for the
empirical data. Each simulation was repeated 100 times and one out of four genes was randomly
picked from each simulation run to generate Figure 4     .

https://doi.org/10.7554/eLife.102321.2
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Results

The parallelism of expression evolution differs among genes
We investigated the degree of parallelism in gene expression evolution, using an RNA-Seq dataset
from an experimental evolution study in which 10 replicated populations with the same genetic
variation were exposed to the same environment for more than 100 generations [29     , 54     ,
60     ] (Figure 1a     ). While previous studies have focused on the shared parallel response across
replicated populations [29     , 54     , 60     ], we re-analyzed the RNA-Seq data to quantify the degree
of evolutionary parallelism across different genes. We identified 1,775 putatively selected genes
with a significant change in gene expression in the same direction in response to the novel
environment in at least three populations. This conditioning on multiple replicate populations
with a significant change in the same direction reduces false positives due to drift [9     , 64     ].
Relaxing the threshold of responding populations provides qualitatively similar results.

Barghi et al. (2019) introduced the replicate frequency spectrum to describe the parallel genomic
selection response in replicate populations. The replicate frequency spectrum of DE genes shows
considerable heterogeneity among populations, with many genes displaying significant gene
expression changes only in a few populations (Figure 1b     ). The replicate frequency spectrum is
strongly influenced by the significance threshold used and provides an incomplete quantitative
measure of parallelism. To obtain a more quantitative measure of parallelism, we evaluated the
between-population variation in the evolutionary response (log2FC) of each putatively adaptive
gene (n=1,775) while controlling for measurement error (F). The parallelism of evolution for each
gene is then quantified as 1/F (Figure 1b     ; see Materials and Methods). A higher value of 1/F
indicates a more parallel evolutionary response among replicated populations (Supplementary
figure 2). Importantly, the measure of parallelism varies between genes (Figure 1c     ) and is
positively correlated with the number of populations in which a significant change in gene
expression is observed for each gene (Supplementary figure 3).

Pleiotropy is positively associated with the degree
of parallelism in gene expression evolution
Pleiotropy is one of the factors that influence the degree of parallel evolution [7     -10     ].
Therefore, we tested whether and how the pleiotropic effect of a gene influences the degree of
parallelism of its expression evolution in a new environment. We correlated two different
measures of pleiotropy (1-τ(tissue specificity) and network connectivity; see materials and
methods) of each putatively adaptive gene (n=1,775) with the parallelism of its evolutionary
responses (1/F). We observed a significant positive correlation between the parallelism and the
degree of pleiotropy, (rho=0.26, p-value<2.2e-16 for 1-τ and rho=0.11, p-value<5.6e-07 for network
connectivity) (Figure 2      and Supplementary figure 4a). This suggests that pleiotropy may
enhance parallel changes in gene expression during evolution.

Pleiotropy constrains the ancestral
(natural) variation in gene expression
The negative effect of pleiotropy on genetic variation over longer time scales, mostly between
species, is well documented [13     -16     ], but it not yet clear whether the same effect is seen for
adaptation from standing genetic variation. We reconstituted the ancestral population from 189
isofemale lines [60     ] and estimated the expression variance (BCV2; see materials and methods) of
each putatively adaptive gene (n=1,775) in two replicate sets of 20 individuals. Since the variance
in gene expression is positively correlated with genetic variation in cis-regulatory regions [65     ]

https://doi.org/10.7554/eLife.102321.2
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Figure 2.

Association between the magnitude of evolution parallelism and the strength of pleiotropy.

The distribution of evolution parallelism (log(1/F)) of different genes is shown in boxplots binned by their strength of
pleiotropy (1-τ). Overall, the strength of pleiotropy was positively correlated with evolution parallelism (ρ=0.26, p-value<2.2e-
16).

https://doi.org/10.7554/eLife.102321.2
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and the heritability of gene expression is high [66     ], we assumed that the observed variation in
gene expression has a genetic basis, rather than being noise (see discussion). We observed a highly
significant negative correlation between the level of pleiotropy and the magnitude of ancestral
variation in gene expression (Figure 3a      and Supplementary figure 4b; rho=-0.34, p-value<2.2e-
16 for 1-τ and rho=-0.37, p-value<2.2e-16 for network connectivity). To exclude that this correlation
was driven by our filtering for significant expression changes in at least three populations, we
repeated these analyses with all genes (n=9,882) and also observed a significant correlation
(rho=-0.45, p-value<2.2e-16 for 1-τ and rho=-0.38, p-value<2.2e-16 for network connectivity, data
not shown). Hence, we suggest that the negative relationship between pleiotropy and
polymorphism/diversity [32     , 33     ] (i.e. reduced variants, lower frequencies and/or lower allelic
effects) can be extended to gene expression.

Evolutionary parallelism is negatively
associated with ancestral variation
For a better understanding of the factors determining parallel evolution, we examined the
influence of ancestral variation in gene expression on the parallel evolution of gene expression.
We observed a significant negative correlation between ancestral variation and parallelism of the
evolutionary response (rho=-0.22, p-value<2.2e-16; Figure 3b     ). We suggest that this pattern
could be explained by genetic redundancy [5     , 67     ], which describes the phenomenon that a
polygenic trait can shift its phenotypic value through different combinations of contributing loci:
When the diversity of the contributing loci is reduced (either through fewer loci, lower ancestral
frequencies or smaller variation in effect size), fewer combinations of the contributing loci are
available for adaptation, resulting in more parallel adaptive responses. To confirm this, we
performed computer simulations of replicated polygenic adaptation and found that lower
ancestral variation (i.e. fewer contributing loci) leads to more parallel trait evolution (Figure 4     ).
Hence, that natural variation in the ancestral population could be one of factor determining the
parallel adaptive response in replicate populations. Although we focused on the phenotypic
response to match gene expression, it is interesting to note that a similar result was obtained for
parallelism at the genetic level with different levels of standing genetic variation [68     ]. If
pleiotropy reduces variation, the positive correlation between pleiotropy and parallelism may be
an indirect (correlative) effect, rather than a direct consequence of pleiotropy.

Testing causality
Our previous analyses indicated that parallelism is affected by pleiotropy and ancestral variation.
Because pleiotropy is negatively correlated with ancestral variation for both pleiotropy measures
(Figure 3a      and supplementary figure 4b), it is not clear whether pleiotropy affects parallelism
directly or indirectly through the negative correlation with ancestral variation. We used causal
analysis, which based on a Bayesian statistical framework [61     ], to disentangle the causal
relationship between the three different parameters. Since the directionality of pleiotropic effects
on ancestral variation has been previously demonstrated, and ancestral variation is unlikely to
influence the pleiotropy of a gene, we considered five possible causal relationships between
pleiotropic effects, ancestral variation, and parallelism (Figure 5     ). In the first model, parallelism
is determined by ancestral variation, which is shaped by pleiotropic, but pleiotropy has no direct
effect on parallelism. In model II, the pleiotropic effect affects ancestral variation and parallelism
independently, but ancestral variation has no causal effect on parallelism. In model III, pleiotropy
affects both ancestral variation and parallelism, and ancestral variation also determines
parallelism. In model IV, parallelism is determined by ancestral variation and pleiotropy, but
pleiotropic effects are assumed to have no effect on the ancestral variation. This serves as a null
model to confirm the indirect effect of pleiotropy on parallelism via ancestral variation. We also
add a global null model with no correlation between these three factors (model V, Figure 5     ). The
analysis was performed independently for two measures of pleiotropy (tissue specificity and
network connectivity).

https://doi.org/10.7554/eLife.102321.2
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Figure 3.

Association between ancestral variation in gene expression with the
strength of pleiotropy (1-τ) (a) and with the evolution parallelism (b).

a. The distribution of gene expression variation in the ancestral population (log (BCV2)) of different genes is shown in
boxplots binned by their strength of pleiotropy (1-τ). Overall, the strength of pleiotropy was negatively correlated with
ancestral variation in gene expression (ρ=-0.34, p-value<2.2e-16). b. The distribution of evolutionary parallelism (log(1/F)) of
different genes is shown in boxplots binned by their strength of ancestral variation. The strength of parallelism is negatively
correlated with the ancestral variation in gene expression (ρ=-0.22, p-value<2.2e-16).

https://doi.org/10.7554/eLife.102321.2
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Figure 4.

Computer simulations illustrate the negative effect of ancestral variation on parallel evolution.

Computer simulations assume a fitness related trait determined by the expression of four genes. The expression of these
four genes is determined by a different number of genetic loci, reflecting the influence of pleiotropy on ancestral genetic
variation. A shift in trait optimum was used to illustrate the connection between ancestral variation in expression (x-axis) and
parallelism of expression change across ten evolved populations (y-axis). The negative correlation between them (rho = -0.26,
p-value < 1.77e-07) suggests that the gene with less ancestral variation are resulting in more parallel responses.
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Figure 5.

Schematic figure illustrating the causal models evaluated.

Five possible relationships between pleiotropic effects, ancestral variation, and evolutionary parallelism. ℒ denotes the
likelihood of each model given the data. P is the probability or conditional probability of the measurements for each gene; Pa
is the parallelism level and A is the level of ancestral variation in gene expression. Pl is the pleiotropic effects. See materials
and methods for a more detailed description.
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For tissue specificity, our data were better explained by model III (i.e., model III has the lowest BIC,
Table 1     ), suggesting that both direct and indirect effects of pleiotropy determine the degree of
parallelism of adaptive gene expression evolution. On the other hand, when pleiotropy was
estimated by network connectivity, model I had a slightly lower BIC than model III (Table 1     ).
Thus, our causal analysis does not provide evidence for a direct effect of network connectivity. We
further quantified the strength of the direct and indirect effects of pleiotropy on parallelism using
a path analysis (see materials and methods). The path analysis confirmed the significant direct
effect of tissue specificity, but network connectivity has no statistically significant direct effect on
the parallelism of gene expression evolution (Table 2      and Table S1). Although the relevance of
direct effects of pleiotropy on parallel gene expression evolution differs for the two pleiotropy
estimates, the similarity of the indirect effect sizes for both pleiotropy measures is striking (Table
2     ). Taken together, these results suggest that pleiotropy may enhance the parallel evolutionary
response of gene expression directly and indirectly through its influence on ancestral variation.

Discussion

This study examined the influence of pleiotropy on the parallelism of the adaptive response from
standing genetic variation. By examining the role of natural variation, which is important for
parallelism of short-term evolution, we extended the scope of previous studies. Because
differences in genetic background and selection strength among replicated populations cannot be
controlled in natural populations and may affect the degree of parallelism, we relied on
experimental evolution for our study. We took advantage of ten replicated populations that have
evolved from the same genetic background in the same hot environment for more than 100
generations [5     ].

The adaptive response during adaptation to the new hot temperature regime was measured by
changes in gene expression. This approach has the advantage that pleiotropic effects and their
associated fitness function, which are typically not known, are already included in the adaptive
response. Furthermore, we were able to rely on two well-established measures of pleiotropy to
study the interplay with parallelism and natural variation.

A key finding of our study is that that adaptation from standing genetic variation results in
complex interplays between pleiotropy, ancestral variation, and parallelism. Of particular interest
is the observed negative correlation between pleiotropy and ancestral variation in gene
expression, which confirms previous observations [32     , 33     ]. This suggests that the primary
effect of pleiotropy is not to maintain variation. Rather, stronger purifying selection removes
pleiotropic variants from the population, resulting in a reduced standing genetic variation. The
reduced variation in more pleiotropic genes could reflect historical hard sweeps or purifying
selection. A similar pattern is seen over longer evolutionary timescales: less sequence divergence
in pleiotropic genes [13     -16     ].

An important difference between adaptation from de novo mutations and standing genetic
variation concerns the implications for parallel evolution. While pleiotropic genes are less likely to
contribute to parallel evolution from de novo mutations [7     ], our results show that adaptation
from standing genetic variation favors parallel selection responses of pleiotropic genes (Figure
2     , Supplementary Figure 4a). It is important to note that many previous studies focused on
sequence variation, whereas we used expression variation. While it is possible that these two
types of variation behave differently, we do not believe that this is the case as sequence
polymorphism and expression variation are correlated [69     ]. Furthermore, a recent study
focusing on genomic changes [9     ] reached similar conclusions.

https://doi.org/10.7554/eLife.102321.2
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Table 1.

BIC value for Model I-V. The model with the smallest BIC is the one best support by the data.

Table 2.

The size of direct and indirect pleiotropic effects on the evolutionary parallelism.
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A very important assumption in our interpretation is that differences in gene expression variation
in the ancestral population reflect regulatory sequence polymorphism rather than noise. The high
correlation in the variance of gene expression between two replicate groups of individuals
indicates that our measures do not reflect technical noise but have a biological basis. However,
stochastic fluctuations in gene expression have also been observed among cells in single-celled
and multicellular organisms and the variance in gene expression differs among genes
[70     -72     ]. In this case, the differences in gene expression variance are biological in nature, but
not associated with sequence variation. We do not believe that variation in the control of gene
expression levels among genes can explain our pattern because Drosophila is a multicellular
organism and we used whole body RNA-Seq data for our analysis. Therefore, even if expression is
controlled to different extents among genes, by averaging across multiple cells, this does not affect
our results. The only scenario we can imagine in which gene expression noise could propagate
across the many cells of a multicellular organism is that during early development, differences in
gene expression of a key regulator could affect downstream gene expression throughout the entire
organism. However, we do not think this is a likely scenario, especially in the light of previous
results showing that genetic variation in cis-regulatory regions correlates with expression
variation [65     ]. Furthermore, whole-body gene expression in Drosophila is highly heritable,
suggesting that gene expression is not stochastic [66     ]. Nevertheless, we would like to point out
that our observations are valid irrespective of whether the correlation between parallelism and
expression variation is the result of genetic polymorphism or genetic control of expression noise.

Based on the significant correlation results, the question arose as to whether the positive
correlation between pleiotropy and parallelism, is causal (direct effect) or merely correlational
(indirect effect). Regardless of the measure of pleiotropy, our causal analysis showed a consistent
indirect effect of pleiotropy on parallelism (Table 1     , 2     ). The estimated indirect effects were
very similar for both measures of pleiotropy (Table 2     ). This indirect effect of pleiotropy could be
explained by the reduced variation in the expression of more pleiotropic genes in the ancestral
population leading to a more parallel selection response of gene expression. For the direct effect,
however, the results differed between the two measures of pleiotropy. Only tissue specificity had a
significant direct effect, which was even larger than the indirect effect (Table 2     ). No significant
direct effect was found for network connectivitiy. The discrepancy between the two measures of
pleiotropy is particularly interesting given their significant correlation (Supplementary Figure 1).
This suggests that both measures capture aspects of pleiotropy that differ in their biological
implications. The direct effects of pleiotropy, most likely arise from the positively correlated fitness
effects of non-focal traits (synergistic pleiotropy). The synergistic pleiotropic effects result in a
stronger fitness advantage, which translates into a more parallel selection response - as previously
shown [22     ]. Given that temperature is one of the most important abiotic factors, it is expected
that positive genetic correlations between temperature-adaptive traits have been selected over
long evolutionary timescales, probably prior to the speciation of D. simulans. Thus, it is
conceivable that positive pleiotropy for temperature adaptation related traits is common and thus
determined the positive contribution of pleiotropy to the parallel evolution observed here.

We focused our analysis on genes that exhibited evidence of adaptive responses, defined as
significant changes in the same direction across at least three populations. This approach allowed
us to investigate the extent of parallel adaptive responses and how pleiotropy contributes to
variation in parallelism among genes. Interestingly, when comparing pleiotropy between DE genes
(those showing adaptive responses) and non-DE genes (those that did not change their response
during evolution), we observed significantly higher pleiotropy in the non-DE gene group
(Supplementary figure 5). This finding suggests that extremely high levels of pleiotropy may
constrain evolutionary responses. Overall, the pattern of increased pleiotropy associated with
evolutionary parallelism supports the idea that low to intermediate levels of pleiotropy are more
favorable for adaptation [9     , 73     ].

https://doi.org/10.7554/eLife.102321.2


Wei-Yun Lai et al., 2025 eLife. https://doi.org/10.7554/eLife.102321.2 18 of 36

In a concluding remark, we would like to emphasize that although pleiotropy and ancestral
variation were found to be significantly associated with the degree of parallelism of gene
expression evolution, it is likely that additional factors also contribute. For example, diminishing
return epistasis, population size (drift), and the contribution of gene expression to the selected
traits may also affect the parallelism of gene evolution. Further investigation of other potential
factors will continue to advance our understanding of parallelism and the predictability of
evolution.
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The results of this manuscript look at the interplay between pleiotropy, standing genetic
variation and parallelism (i.e. predictability of evolution) in gene expression. Ultimately, their
results suggest that (a) pleiotropic genes typically have a smaller range in
variation/expression, and (b) adaptation to similar environments tends to favor changes in
pleiotropic genes, which leads to parallelism in mechanisms (though not dramatically).
However, it is still uncertain how much parallelism is directly due to pleiotropy, instead of a
complex interplay between them and ancestral variation.

https://doi.org/10.7554/eLife.102321.2.sa3

Reviewer #2 (Public review):

Summary:

Lai and collaborators use a previously published RNAseq dataset derived from an
experimental evolution set up to compare the pleiotropic properties of genes which
expression evolved in response to fluctuating temperature for over 100 generations. The
authors correlate gene pleiotropy with the degree of parallelisms in the experimental
evolution set up to ask: are genes that evolved in multiple replicates more or less pleiotropic?

They find that, maybe counter to expectation, highly pleiotropic genes show more replicated
evolution. And such effect seems to be driven by direct effects (which the authors can only
speculate on) and indirect effect through low variance in pleiotropic genes (which the
authors indirectly link to genetic variation underlying gene expression variance).

Weaknesses:

The results offer new insights into the evolution of gene expression and into the parameters
that constrain such evolution, i.e., pleiotropy. Although the conclusions are supported by the
data, I find the interpretation of the results a little bit complicated.

Major comment:

The major point I ask the authors to address is whether the connection between polygenic
adaptation and parallelism can indeed be used to interpret gene expression parallelism. If the
answer is not, please rephrase the introduction and discussion, if the answer is yes, please
make it explicit in the text why it is so.

The authors argument: parallelism in gene expression is the same as parallelism in SNP allele
frequency (AFC) (see L389-383 here they don't mention that this explanation is derived from
SNP parallelism and not trait parallelism, and see Fig1 b). In previous publications the
authors have explained the low level of AFC parallelism using a polygenic argument.
Polygenic traits can reach a new trait optimum via multiple SNPs and therefore although the
trait is parallel across replicates, the SNPs are not necessarily so.

In the current paper, they seem to be exchanging SNP AFC by gene expression, and to me,
those are two levels that cannot be interchanged. Gene expression is a trait, not a SNP, and
therefore the fact that a gene expression doesn't replicate cannot be explained by polygenic
basis, because again the trait is gene expression itself. And, actually the results of the
simulations show that high polygenicity = less trait parallelism (Fig4).

Now, if the authors focus on high parallel genes (present in e.g. 7 or more replicates) and they
show that the eQTLs for those genes are many (highly polygenic) and the AFC of those eQTL
are not parallel, then I would agree with the interpretation. But, given that here they just
assess gene expression and not eQTL AFC, I do not think they can use the 'highly polygenic =
low parallelism' explanation.

https://doi.org/10.7554/eLife.102321.2
https://doi.org/10.7554/eLife.102321.2.sa3
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The interpretation of the results to me, should be limited to: genes with low variance and
high pleiotropy tend to be more parallel, and the explanation might be synergistic pleiotropy.

Comments on revisions: The authors didn't really address any of the comments made by any
of the reviewers - basically nothing was changed in the main text. Therefore, I leave my
original review unchanged.

https://doi.org/10.7554/eLife.102321.2.sa2

Reviewer #3 (Public review):

The authors aim to understand how gene pleiotropy affects parallel evolutionary changes
among independent replicates of adaptation to a new hot environment of a set of
experimental lines of Drosophila simulans using experimental evolution. The flies were
RNAsequenced after more than 100 generations of lab adaptation and the changes in average
gene expression were obtained relative to ancestral expression levels from reconstructed
ancestral lines. Parallelism of gene expression change among lines is evaluated as variance in
differential gene expression among lines relative to error variance. Similarly, the authors ask
how the standing variation in gene expression estimated from a handful of flies from a
reconstructed outbred line affects parallelism. The main findings are that parallelism in gene
expression responses is positively associated with pleiotropy and negatively associated with
expression variation. Those results are in contradiction with theoretical predictions and
empirical findings. To explain those seemingly contradictory results the authors invoke the
role of synergistic pleiotropy and correlated selection, although they do not attempt to
measure either.

Strengths:

The study uses highly replicated outbred laboratory lines of Drosophila simulans evolved in
the lab under constant hot regime for over 100 generations. This allows for robust
comparisons of evolutionary responses among lines.

The manuscript is well written and the hypotheses are clearly delineated at the onset.

The authors have run a causal analysis to understand the causal dependencies between
pleiotropy and expression variation on parallelism.

The use of whole-body RNA extraction to study gene expression variation is well justified.

Weaknesses:

The accuracy of the estimate of ancestral phenotypic variation in gene expression is likely
low because estimated from a small sample of 20 males from a reconstructed outbred line. It
might not constitute a robust estimate of the genetic variation of the evolved lines under
study.

There are no estimates of the standing genetic variation of expression levels of the genes
under study, only estimates of their phenotypic variation. I wished the authors had been clear
about that limitation and had refrained from equating phenotypic variation in expression
level with standing genetic variation.

Moreover, since the phenotype studied is gene expression, its genetic basis extends beyond
expressed sequences. The phenotypic variation of a gene's expression may thus likely
misrepresent the genetic variation available for its evolution. The authors do not present
evidence that sequence variation correlates with expression variation.

https://doi.org/10.7554/eLife.102321.2
https://doi.org/10.7554/eLife.102321.2.sa2
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The authors have not attempted to estimate synergistic pleiotropy among genes, nor how
selection acts on gene expression modules. It makes their conclusion regarding the role of
synergistic pleiotropy rather speculative.

https://doi.org/10.7554/eLife.102321.2.sa1

Author response:

The following is the authors’ response to the current reviews.

Reviewer #1 (Public review):

When different groups (populations, species) are presented with similar environmental
pressures, how similar are the ultimate targets (genes, pathways)? This study sought to
illuminate this broader question via experimental evolution in D. simulans and
quantifying gene-expression changes, specifically in the context of standing genetic
variation (and not de novo mutation). Ultimately, the authors showed pleiotropy and
standing-genetic variation play a significant role in the "predictability" of evolution.

The results of this manuscript look at the interplay between pleiotropy, standing genetic
variation and parallelism (i.e. predictability of evolution) in gene expression. Ultimately,
their results suggest that (a) pleiotropic genes typically have a smaller range in
variation/expression, and (b) adaptation to similar environments tends to favor changes
in pleiotropic genes, which leads to parallelism in mechanisms (though not dramatically).
However, it is still uncertain how much parallelism is directly due to pleiotropy, instead of
a complex interplay between them and ancestral variation.

Yes, the reviewer is correct that our results for the direct effects of pleiotropy were not
consistent for both measures of pleiotropy. We highlight this in the discussion:” Only tissue
specificity had a significant direct effect, which was even larger than the indirect effect (Table
2). No significant direct effect was found for network connectivity. The discrepancy between
the two measures of pleiotropy is particularly interesting given their significant correlation
(Supplementary Figure 1). This suggests that both measures capture aspects of pleiotropy that
differ in their biological implications.”

Reviewer #2 (Public review):

Summary:

Lai and collaborators use a previously published RNAseq dataset derived from an
experimental evolution set up to compare the pleiotropic properties of genes which
expression evolved in response to fluctuating temperature for over 100 generations. The
authors correlate gene pleiotropy with the degree of parallelisms in the experimental
evolution set up to ask: are genes that evolved in multiple replicates more or less
pleiotropic?

They find that, maybe counter to expectation, highly pleiotropic genes show more
replicated evolution. And such effect seems to be driven by direct effects (which the
authors can only speculate on) and indirect effect through low variance in pleiotropic
genes (which the authors indirectly link to genetic variation underlying gene expression
variance).

Weaknesses:

https://doi.org/10.7554/eLife.102321.2
https://doi.org/10.7554/eLife.102321.2.sa1
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The results offer new insights into the evolution of gene expression and into the
parameters that constrain such evolution, i.e., pleiotropy. Although the conclusions are
supported by the data, I find the interpretation of the results a little bit complicated.

We are very happy to read that the reviewer finds our conclusions to be supported by the
data.

Major comment:

The major point I ask the authors to address is whether the connection between
polygenic adaptation and parallelism can indeed be used to interpret gene expression
parallelism. If the answer is not, please rephrase the introduction and discussion, if the
answer is yes, please make it explicit in the text why it is so.

Yes, we think that gene expression parallelism can be explained by polygenic adaptation.

The authors argument: parallelism in gene expression is the same as parallelism in SNP
allele frequency (AFC) (see L389-383 here they don't mention that this explanation is
derived from SNP parallelism and not trait parallelism, and see Fig1 b). In previous
publications the authors have explained the low level of AFC parallelism using a
polygenic argument. Polygenic traits can reach a new trait optimum via multiple SNPs
and therefore although the trait is parallel across replicates, the SNPs are not necessarily
so.

In the current paper, they seem to be exchanging SNP AFC by gene expression, and to
me, those are two levels that cannot be interchanged. Gene expression is a trait, not a
SNP, and therefore the fact that a gene expression doesn't replicate cannot be explained
by polygenic basis, because again the trait is gene expression itself. And, actually the
results of the simulations show that high polygenicity = less trait parallelism (Fig4).

We agree with the reviewer that it is important to consider different hierarchies when talking
about the implications of polygenic adaptation. The lowest hierarchical level is SNP variation
and the highest level is fitness. In-between these extreme hierarchical levels is gene
expression. While gene expression is a trait itself, as correctly pointed out by the reviewer, it
is possible that selection is not favoring a specific trait value, because selection targets a trait
on a higher hierarchical level. This implies that not only SNPs, but also intermediate traits
such as gene expression can exhibit redundancy. Considering a simple example of one
selected trait (e.g. body size), which is affected by the expression level of two genes A and B,
each regulated by SNP A1, A2 and B1, B2. It is now possible to modulate the focal trait by
allele frequency changes of A1, which in turn will only affect gene A. Alternatively, SNP B2
may change, modifying the expression of gene B, leading to the same change in body size.
Hence, we could have redundancy both at the SNP level as well as on the gene expression
level (although higher redundancy is expected on the SNP level). Most importantly, this
redundancy at intermediate hierarchical levels is not pure theory, but it is supported by
empirical evidence. We have shown that redundancy exists not only for gene expression
(10.1111/mec.16274) but also for metabolite concentrations (10.1093/gbe/evad098).

Now, if the authors focus on high parallel genes (present in e.g. 7 or more replicates) and
they show that the eQTLs for those genes are many (highly polygenic) and the AFC of
those eQTL are not parallel, then I would agree with the interpretation. But, given that
here they just assess gene expression and not eQTL AFC, I do not think they can use the
'highly polygenic = low parallelism' explanation.

https://doi.org/10.7554/eLife.102321.2
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This is clearly an interesting proposed research project, but we doubt that it would result in
the expected outcome. Since most of the adaptive gene expression changes are not having a
simple genetic basis (10.1093/gbe/evae077) and most expression variation is determined by
trans-regulatory effects (10.1038/s41576-020-00304-w), eQTL mapping will most likely not
identify all contributing loci. Large effect loci are more easily identified, but they are also
expected to be more parallel.

The interpretation of the results to me, should be limited to: genes with low variance and
high pleiotropy tend to be more parallel, and the explanation might be synergistic
pleiotropy.

We thank the reviewer for the suggestion, but prefer to stick to our interpretation of the data.

Comments on revisions: The authors didn't really address any of the comments made by
any of the reviewers - basically nothing was changed in the main text. Therefore, I leave
my original review unchanged.

We modestly disagree, in our point to point reply, we respond to all reviewers’ comments.
Since, we did not identify any major problem in our manuscript, we only modified the
wording in some parts where we felt that a clarification could resolve the misunderstanding
of the reviewers. In response to the reviewers’ comments, we added a new paragraph in the
discussion and generated a new figure.

Reviewer #3 (Public review):

The authors aim to understand how gene pleiotropy affects parallel evolutionary
changes among independent replicates of adaptation to a new hot environment of a set
of experimental lines of Drosophila simulans using experimental evolution. The flies were
RNAsequenced after more than 100 generations of lab adaptation and the changes in
average gene expression were obtained relative to ancestral expression levels from
reconstructed ancestral lines. Parallelism of gene expression change among lines is
evaluated as variance in differential gene expression among lines relative to error
variance. Similarly, the authors ask how the standing variation in gene expression
estimated from a handful of flies from a reconstructed outbred line affects parallelism.
The main findings are that parallelism in gene expression responses is positively
associated with pleiotropy and negatively associated with expression variation. Those
results are in contradiction with theoretical predictions and empirical findings. To
explain those seemingly contradictory results the authors invoke the role of synergistic
pleiotropy and correlated selection, although they do not attempt to measure either.

Strengths:

The study uses highly replicated outbred laboratory lines of Drosophila simulans evolved
in the lab under constant hot regime for over 100 generations. This allows for robust
comparisons of evolutionary responses among lines.

The manuscript is well written and the hypotheses are clearly delineated at the onset.

The authors have run a causal analysis to understand the causal dependencies between
pleiotropy and expression variation on parallelism.

The use of whole-body RNA extraction to study gene expression variation is well justified.

Weaknesses:

https://doi.org/10.7554/eLife.102321.2
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The accuracy of the estimate of ancestral phenotypic variation in gene expression is likely
low because estimated from a small sample of 20 males from a reconstructed outbred
line. It might not constitute a robust estimate of the genetic variation of the evolved lines
under study.

We agree with the reviewer that variation estimates based on 20 samples are not very
precise. Nevertheless, we demonstrated that the estimated variance in gene expression was
highly correlated between two independent samples from the same ancestral population.
Furthermore, we identified a significant correlation of expression variance with evolutionary
parallelism. In other words, the biological signal has been sufficiently strong despite the
variance estimate has been noisy.

There are no estimates of the standing genetic variation of expression levels of the genes
under study, only estimates of their phenotypic variation. I wished the authors had been
clear about that limitation and had refrained from equating phenotypic variation in
expression level with standing genetic variation.

The reviewer is right that we did not estimate genetic variation of gene expression, but use
expression variation as a proxy for the standing genetic variation. There are two potential
problems with this approach. First, a large expression variation could be caused by a single
large effect variant segregating at intermediate frequency. Such large effect variants will
exhibit a highly parallel selection response-contrary to our empirical results. Since we have
shown previously (10.1093/gbe/evae077) that adaptive gene expression changes are mostly
polygenic we do not consider this extreme scenario to be very relevant in our study. Rather,
we would like to emphasize that neither a SNP analysis of the 5’ region nor an eQTL study
will provide an unbiased estimator of genetic variation of gene expression. The second
problem arises if gene expression noise differs among genes, hence more noisy genes will
appear to have more standing genetic variation than genes with less noise. Since, we average
across many different cells and cell types, gene expression noise is expected to be levelled
out- this aspect is discussed in detail in the manuscript.

In other words, despite these two potential limitations, we consider our approach superior to
alternative approaches of estimating genetic variation in gene expression.

Moreover, since the phenotype studied is gene expression, its genetic basis extends
beyond expressed sequences. The phenotypic variation of a gene's expression may thus
likely misrepresent the genetic variation available for its evolution. The authors do not
present evidence that sequence variation correlates with expression variation.

Gene expression is determined by the joint effects of cis-regulatory and trans-regulatory
variation. Hence, recombination can create more extreme phenotypes than the one of the
parental lines (in quantitative genetics this is called transgressive segregation). It is unclear to
what extent this constitutes a problem for our analyses. Nevertheless, we would like to point
out that eQTL mapping will miss many trans-acting variants and therefore we doubt that the
requested empirical evidence for correlation between genetic variation (estimated by eQTL
mapping) and observed expression variation is as straight forward as suggested by the
reviewer.

Nevertheless, we reference an empirical study, which showed a positive correlation between
expression variation and cis-regulatory variation.

The authors have not attempted to estimate synergistic pleiotropy among genes, nor
how selection acts on gene expression modules. It makes their conclusion regarding the
role of synergistic pleiotropy rather speculative.

https://doi.org/10.7554/eLife.102321.2
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The reviewer is correct that we did not demonstrate synergistic pleiotropy, but we discuss
this as a possible explanation for the observed direct effects of pleiotropy.

The following is the authors’ response to the original reviews.

Reviewer #1 (Public review):

The results of this manuscript look at the interplay between pleiotropy, standing genetic
variation, and parallelism (i.e. predictability of evolution) in gene expression. Ultimately,
their results suggest that (a) pleiotropic genes typically have a smaller range in
variation/expression, and (b) adaptation to similar environments tends to favor changes
in pleiotropic genes, which leads to parallelism in mechanisms (though not dramatically).
However, it is still uncertain how much parallelism is directly due to pleiotropy, instead of
a complex interplay between them and ancestral variation.

I have a few things that I was uncertain about. It may be these things are easily
answered but require more discussion or clarity in the manuscript.

(1) The variation being talked about in this manuscript is expression levels, and not SNPs
within coding regions (or elsewhere). The cause of any specific gene having a change in
expression can obviously be varied - transcription factors, repressors, promoter region
variation, etc. Is this taken into account within the "network connectivity" measurement?
I understand the network connectivity is a proxy for pleiotropy - what I'm asking is,
conceptually, what can be said about how/why those highly pleiotropic genes have a
change (or not) in expression. This might be a question for another project/paper, but it
feels like a next step worth mentioning somewhere.

In current study, we are only able to detect significant and repeatable expression changes but
unable to identify the underlying causal variants. An eQTL study in the founder population in
combination with genomic resequencing for both evolved and ancestral populations would
be required to address this question.

(2) The authors do have a passing statement in line 361 about cis-regulatory regions. Is
the assumption that genetic variation in promoter regions is the ultimate "mechanism"
driving any change in expression? In the same vein, the authors bring up a potential
confounding factor, though they dismiss it based on a specific citation (lines 476-481;
citation 65). I'm of the mindset that in order to more confidently disregard this "issue"
based on previous evidence, it requires more than one citation. Especially since the one
citation is a plant. That specific point jumps out to me as needing a more careful
rebuttal.

It was not our intention to claim that the expression changes in our experiment are caused by
cis-regulatory variation only. We believe that the observed expression variation has both cis-
and trans-genetic components, where as some studies tend to estimate much higher
cisvariation for gene expression in Drosophila populations (e.g. [1, 2]). We mentioned the
positive correlation between cis-regulatory polymorphism and expression variation to (1)
highlight the genetic control of gene expression and (2) make the connection between
polygenic adaptation and gene expression evolutionary parallelism.

(3) I feel like there isn't enough exploration of tissue specificity versus network
connectivity. Tissue specificity was best explained by a model in which pleiotropy had
both direct and indirect effects on parallelism; while network connectivity was best
explained (by a small margin) via the model which was mostly pleiotropy having a direct
effect on ancestral variation, that then had a direct effect on parallelism. When the
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strengths of either direct/indirect effects were quantified, tissue specificity showed a
stronger direct effect, while network connectivity had none (i.e. not significant). My
confusion is with the last point - if network connectivity is explained by a direct effect in
the best-supported model, how does this work, since the direct effect isn't significant?
Perhaps I am misunderstanding something.

To clarify, for network connectivity, there’s a significant “indirect” effect on parallelism (i.e.
network connectivity affect ancestral gene expression and ancestral gene expression affect
parallelism). Hence, in table 2, the direct effect of network connectivity on parallelism is
weak and not significant while the indirect effect via ancestral variation is significant.

Also, network connectivity might favor the most pleiotropic genes being transcription
factor hubs (or master regulators for various homeostasis pathways); while the tissue
specificity metric perhaps is a kind of a space/time element. I get that a gene having
expression across multiple tissues does fit the definition of pleiotropy in the broad sense,
but I'm wondering if some important details are getting lost - I'm just thinking about the
relative importance of what tissue specificity measurements say versus the network
connectivity measurement.

We examined the statistical relationship between the two measures and found a moderate
positive correlation on the basis of which we argued that the two measures may capture
different aspects of pleiotropy. We appreciate the reviewer’s suggestions about the biological
basis of the two estimates of pleiotropy, but we think that without further experimental
insights, an extended discussion of this topic is too premature to provide meaningful insights
to the readership.

Reviewer #2 (Public review):

Summary:

Lai and collaborators use a previously published RNAseq dataset derived from an
experimental evolution set up to compare the pleiotropic properties of genes whose
expression evolved in response to fluctuating temperature for over 100 generations. The
authors correlate gene pleiotropy with the degree of parallelisms in the experimental
evolution set up to ask: are genes that evolved in multiple replicates more or less
pleiotropic?

They find that, maybe counter to expectation, highly pleiotropic genes show more
replicated evolution. Such an effect seems to be driven by direct effects (which the
authors can only speculate on) and indirect effects through low variance in pleiotropic
genes (which the authors indirectly link to genetic variation underlying gene expression
variance).

Weaknesses:

The results offer new insights into the evolution of gene expression and into the
parameters that constrain such evolution, i.e., pleiotropy. Although the conclusions are
supported by the data, I find the interpretation of the results a little bit complicated.

Major comment:

The major point I ask the authors to address is whether the connection between
polygenic adaptation and parallelism can indeed be used to interpret gene expression
parallelism. If the answer is not, please rephrase the introduction and discussion, if the
answer is yes, please make it explicit in the text why it is so.
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Our answer is yes, we interpreted gene expression parallelism (high ancestral variance -> less
parallelism) using the same framework that links polygenic adaptation and parallelism (high
polygenicity = less trait parallelism). We believe that our response covers several of the
reviewer’s concerns.

The authors' argument: parallelism in gene expression is the same as parallelism in SNP
allele frequency (AFC) (see L389-383 here they don't mention that this explanation is
derived from SNP parallelism and not trait parallelism, and see Figure 1 b). In previous
publications, the authors have explained the low level of AFC parallelism using a
polygenic argument. Polygenic traits can reach a new trait optimum via multiple SNPs
and therefore although the trait is parallel across replicates, the SNPs are not necessarily
so.

Importantly, our rationale is based on the idea that gene expression is rarely the direct target
of selection, but rather an intermediate trait [3]. Recently, we have specifically tested this
assumption for gene expression and metabolite concentrations and our analysis showed that
both traits were are redundant [4], as previously shown for DNA sequences [5]. The
important implication for this manuscript is that gene expression is also redundant, so that
adaptation can be achieved by distinct changes in gene expression in replicate populations
adapting to the same selection pressure. This implies that we can use the same simulation
framework for gene expression as for sequencing data. In our case different SNP frequencies
correspond to different expression levels (averaged across individuals from a population),
which in turn increases fitness by modifying the selected trait. Importantly, the selected trait
in our simulations is not gene expression, but a not defined high level phenotype. A key
insight from our simulations is that with increasing polygenicity the expression of a gene is
more variable in the ancestral population.

In the current paper, they seem to be exchanging SNP AFC by gene expression, and to
me, those are two levels that cannot be interchanged. Gene expression is a trait, not an
SNP, and therefore the fact that a gene expression doesn't replicate cannot be explained
by a polygenic basis, because again the trait is gene expression itself. And, actually, the
results of the simulations show that high polygenicity = less trait parallelism (Figure 4).

As detailed above, because adaptation can be reached by changes in gene expression at
different sets of genes, redundancy is also operating on the expression level not just on the
level of SNPs. To clarify, the x-axis of Fig. 4 is the expression variation in the ancestral
population.

Now, if the authors focus on high parallel genes (present in e.g. 7 or more replicates) and
they show that the eQTLs for those genes are many (highly polygenic) and the AFC of
those eQTLs are not parallel, then I would agree with the interpretation. But, given that
here they just assess gene expression and not eQTL AFC, I do not think they can use the
'highly polygenic = low parallelism' explanation.

The interpretation of the results to me, should be limited to: genes with low variance and
high pleiotropy tend to be more parallel, and the explanation might be synergistic
pleiotropy.

While we understand the desire to model the full hierarchy from eQTLs to gene expression
and adaptive traits, we raise caution that this would be a very challenging task. eQTLs very
often underestimate the contribution of trans-acting factors, hence the understanding of gene
expression evolution based on eQTLs is very likely incomplete and cannot explain the
redundancy of gene expression during adaptation. Hence, we think that the focus on
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redundant gene expression is conceptually simpler and thus allows us to address the
question of pleiotropy without the incorporation of allele frequency changes.

Reviewer #3 (Public review):

The authors aim to understand how gene pleiotropy affects parallel evolutionary
changes among independent replicates of adaptation to a new hot environment of a set
of experimental lines of Drosophila simulans using experimental evolution. The flies were
RNAsequenced after more than 100 generations of lab adaptation and the changes in
average gene expression were obtained relative to ancestral expression levels from
reconstructed ancestral lines. Parallelism of gene expression change among lines is
evaluated as variance in differential gene expression among lines relative to error
variance. Similarly, the authors ask how the standing variation in gene expression
estimated from a handful of flies from a reconstructed outbred line affects parallelism.
The main findings are that parallelism in gene expression responses is positively
associated with pleiotropy and negatively associated with expression variation. Those
results are in contradiction with theoretical predictions and empirical findings. To
explain those seemingly contradictory results the authors invoke the role of synergistic
pleiotropy and correlated selection, although they do not attempt to measure either.

Strengths:

(1) The study uses highly replicated outbred laboratory lines of Drosophila simulans
evolved in the lab under a constant hot regime for over 100 generations. This allows for
robust comparisons of evolutionary responses among lines.

(2) The manuscript is well written and the hypotheses are clearly delineated at the onset.

(3) The authors have run a causal analysis to understand the causal dependencies
between pleiotropy and expression variation on parallelism.

(4) The use of whole-body RNA extraction to study gene expression variation is well
justified.

Weaknesses:

(1) It is unclear how well phenotypic variation in gene expression of the evolved lines has
been estimated by the sample of 20 males from a reconstructed outbred line not directly
linked to the evolved lines under study. I see this as a general weakness of the
experimental design.

Our intention was not to measure the phenotypic variance of the evolved lines, but rather to
estimate the phenotypic variance at the beginning of the experiment. Hence, we measured
and investigated the variation of gene expression in the ancestral population since this was
the beginning of the replicated experimental evolution. Furthermore, since the ancestral
population represents the natural population in Florida, the gene expression variation
reflects the history of selection history acting on it.

(2) There are no estimates of standing genetic variation of expression levels of the genes
under study, only phenotypic variation. I wished the authors had been clear about that
limitation and had discussed the consequences of the analysis. This also constitutes a
weakness of the study.

The reviewer is correct that we do not aim to estimate the standing genetic variation, which
is responsible for differences in gene expression. While we agree that it could be an
interesting research question to use eQTL mapping to identify the genetic basis of gene
expression, we caution that trans-effects are difficult to estimate and therefore an important
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component of gene expression evolution will be difficult to estimate. Hence, we consider that
our focus on variation in gene expression without explicit information about the genetic
basis is simpler and sufficient to address the question about the role of pleiotropy.

(3) Moreover, since the phenotype studied is gene expression, its genetic basis extends
beyond expressed sequences. The phenotypic variation of a gene's expression may thus
likely misrepresent the genetic variation available for its evolution. The genetic variation
of gene expression phenotypes could be estimated from a cross or pedigree information
but since individuals were pool-sequenced (by batches of 50 males), this type of analysis
is not possible in this study.

We agree with the reviewer that gene expression variation may also have a non-genetic basis,
we discuss this in depth in the discussion of the manuscript.

(4) The authors have not attempted to estimate synergistic pleiotropy among genes, nor
how selection acts on gene expression modules. It makes any conclusion regarding the
role of synergistic pleiotropy highly speculative.

We mentioned synergistic pleiotropy as a possible explanation for our results. A positive
correlation between the fitness effect of gene expression variation would predict more
replicable evolutionary changes. A similar argument has been made by [6].

I don't understand the reason why the analysis would be restricted to significantly
differentially expressed genes only. It is then unclear whether pleiotropy, parallelism, and
expression variation do play a role in adaptation because the two groups of adaptive
and non-adaptive genes have not been compared. I recommend performing those
comparisons to help us better understand how "adaptive" genes differentially contribute
to adaptation relative to "nonadaptive" genes relative to their difference in population
and genetic properties.

We agree with the reviewer that the comparison between the pleiotropy of adaptive and
nonadaptive genes is interesting. We performed the analysis but omitted from the current
manuscript for simplicity. Similar to the results in [6], non-adaptive genes are more
pleiotropic than the adaptive genes. For adaptive genes we find a positive correlation
between the level of pleiotropy and evolutionary parallelism. Thus, high pleiotropy limits the
evolvability of a gene, but moderate and potentially synergistic pleiotropy increases the
repeatability of adaptive evolution. We included this result in the revised manuscript and
discuss it.

There is a lack of theoretical groundings on the role of so-called synergistic pleiotropy for
parallel genetic evolution. The Discussion does not address this particular prediction. It
could be removed from the Introduction.

We modestly disagree with the reviewer, synergistic pleiotropy is covered by theory and
empirical results also support the importance of synergistic pleiotropy.
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