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Abstract

Evolve and Resequence (E&R) studies investigate the genomic selection response of populations in an Experimental Evolution setup.
Despite the popularity of E&R, empirical studies in sexually reproducing organisms typically suffer from an excess of candidate loci due
tolinkage disequilibrium, and single gene or SNP resolution is the exception rather than the rule. Recently, so-called “secondary E&R”
has been suggested as promising experimental follow-up procedure to confirm putatively selected regions from a primary E&R study.
Secondary E&R provides also the opportunity to increase mapping resolution by allowing for additional recombination events, which
separate the selection target from neutral hitchhikers. Here, we use computer simulations to assess the effect of different crossing
schemes, population size, experimental duration, and number of replicates on the power and resolution of secondary E&R. We find
that the crossing scheme and population size are crucial factors determining power and resolution of secondary E&R: A simple
crossing scheme with few founder lines consistently outcompetes crossing schemes where evolved populations from a primary E&R
experiment are mixed with a complex ancestral founder population. Regardless of the experimental design tested, a population size
of at least 4,800 individuals, which is roughly five times larger than population sizes in typical E&R studies, is required to achieve a
power of atleast 75% . Our study provides an important step toward improved experimental designs aiming to characterize causative
SNPs in Experimental Evolution studies.
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Significance

Despite the popularity of Evolve and Resequence (E&R) to investigate genomic selection responses, most studies that
use sexually reproducing organisms have broad selection signatures and an excess of candidate loci due to linkage
disequilibrium. In this study, we use computer simulations and statistical modeling to evaluate the effects of different
experimental and population genetic parameters on the success of potential follow-up experiments (=secondary E&R)
aiming to validate and fine-map selection signatures of primary studies. We found that a large population size in
combination with a simple crossing scheme is key to the success of secondary E&R in Drosophila.

Introduction adaptation in real time (Garland and Rose 2009; Kawecki et
Deciphering the genetic architecture of adaptation is one of al. 2012). In contrast to natural populations, EE offers the key
the longstanding goals in evolutionary biology. Experimental advantage of replicating experiments under controlled labo-
Evolution (EE) has become a popular approach to study ratory conditions (Schlotterer et al. 2015). Evolve and
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Resequence (E&R) (Turner et al. 2011; Long et al. 2015;
Schlotterer et al. 2015)—a combination of EE with Next
Generation Sequencing—facilitates in-depth analysis of the
genomic responses to selection, with the ultimate goal to
identify and characterize individual adaptive loci.

E&R has already been successful in investigating genomic
selection responses from standing genetic variation in adapt-
ing sexually reproducing organisms, such as chicken
(Johansson et al. 2010), yeast (Burke et al. 2014), and
Drosophila (Teotonio et al. 2009; Remolina et al. 2012;
Martins et al. 2014; Barghi et al. 2019). Despite its popularity,
E&R typically suffers from an excess of candidates caused by
linkage disequilibrium between true causative SNPs and neu-
tral hitchhikers (Nuzhdin and Turner 2013; Tobler et al. 2014;
Franssen et al. 2015), which decreases the resolution of E&R
studies and makes single gene resolution (Martins et al. 2014)
the exception rather than the rule.

The problem of candidate excess in E&R studies has been
approached from different angles. More refined statistical
tests have been developed (Topa et al. 2015; Iranmehr et al.
2017, Kelly and Hughes 2019; Spitzer et al. 2020), and the
combination of time-series data with replicate populations
has been identified as particularly powerful (Lang et al.
2013; Burke et al. 2014; Barghi et al. 2020). Organisms
with a higher recombination rate and a lack of large segre-
gating inversions that suppress recombination events have
been suggested to be better suited for E&R studies (Barghi
etal. 2017). Computer simulations showed that the power of
E&R studies can be significantly improved by increasing the
number of replicate populations, the experimental duration,
or by adjusting the applied selection regime (Baldwin-Brown
et al. 2014; Kofler and Schlotterer 2014; Kessner and
Novembre 2015; Vlachos and Kofler 2019).

Burny et al. (2020) recently suggested an experimental
follow-up procedure (secondary E&R) to validate selection
signals of primary E&R studies. The basic idea of secondary
E&R is that putative selection targets determined in the
primary E&R study should rise in frequency again when
exposed to the same environmental conditions during an
additional E&R conducted after the primary experiment
(fig. 1A). This experimental validation of selection signals
is especially attractive before starting the time-consuming
functional characterization of putatively selected alleles
(e.g., based on the CRISPR/Cas technology) (Gratz et al.
2013). A hitherto underexplored potential of secondary
E&R is that the additional recombination events during
the secondary E&R can be used to fine map selection sig-
nals of primary experiments. In addition to mixing evolved
genotypes of a primary E&R with nonadapted ancestral
founder genotypes (coined “dilution” by Burny et al.
[2020]), we propose several different secondary E&R cross-
ing schemes for validating and fine-mapping of putative
selection targets.

We evaluate the power and resolution of different second-
ary E&R designs to identify causative SNPs via extensive com-
puter simulations. We use logistic regression to assess which
simulated experimental and population genetic parameters
have a significant effect on the success of secondary E&R.
Selection coefficient, dominance coefficient, and mean start-
ing allele frequency of the selection target all have a signifi-
cant effect on the success of secondary E&R. However,
crossing scheme and population size emerge as the most in-
fluential parameters. We show that the population size of
secondary E&R experiments needs to be at least five times
larger than currently used population sizes in typical primary
E&R studies with Drosophila to achieve a power above 75%.
Furthermore, we show that the crossing scheme is a crucial
experimental parameter shaping the power of secondary
E&R—a simple crossing scheme with few founder lines results
in higher power and resolution compared with more complex
crossing schemes.

Materials and Methods

Outline of the Simulation Framework

The nonadapted ancestral founder genotypes used in our
simulation study are a randomly chosen subset of 100 hap-
lotypes from a panel of 189 sequenced D. simulans haplo-
types originally collected in Tallahassee (Florida, USA)
capturing the amount of standing genetic variation in a nat-
ural Drosophila population (Barghi et al. 2019; Howie et al.
2019). We use the term “founder line” for an inbred isofe-
male line homozygous for one of these ancestral haplotypes.
In order to speed up the calculations, we only simulated
chromosome-arm 2L. Simulations with linkage were con-
ducted with MimicrEE2 (v206) (Vlachos and Kofler 2018) us-
ing the D. simulans recombination map (Howie et al. 2019).
MimicrEE2 is a forward-simulation framework for E&R studies
that can simulate evolving experimental populations based on
their haplotype information and genome-wide recombination
rates. We used the w-mode of MimicrEE2 which computes
the fitness of individuals directly from the selection coeffi-
cients. If not stated otherwise, we simulated positive, additive
selection for biallelic SNPs, with selection coefficients being
uniformly sampled between 0.07 and 0.1 for each positively
selected SNP and tracked the frequency of all SNPs over time
(ranging from 479,507 to 970,466 SNPs, supplementary table
S1, Supplementary Material online). We chose to simulate
rather strong selection reasoning that alleles with a high se-
lection coefficient are more likely to be experimentally tested.
On the other hand, strongly selected alleles result in many
neutral linked hitchhikers producing false positive signals
that adversely impact the mapping resolution (Kofler and
Schlotterer 2014)—which requires follow-up studies to iden-
tify the target of selection. If not stated otherwise, selected
SNPs were randomly chosen with an equal probability to be
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Fic. 1.—Basic idea of secondary Evolve and Resequence (E&R) and simulated crossing schemes. (A) The basic idea of secondary E&R is that a putative
selection target (purple) determined in a primary E&R study (left) should rise in frequency again when exposed to the same environment (i.e., selection
regime), during secondary E&R (right). Additional recombination events during the secondary E&R allow to fine map selected regions of primary E&R
experiments (i.e., reduce the number hitchhikers indicated in light pink). The two arrows indicate that the secondary E&R is either started with evolved
haplotypes (dashed arrow) or with specific founder lines of the primary E&R (dotted arrow). (B) 1:1_1f crossing scheme: Inbred flies with one target of
selection (purple) are crossed to inbred flies without known beneficial variants. The starting frequency of each genotype is 50%. In each replicate the line
with the beneficial allele (focal line, purple) is crossed to a different line lacking beneficial mutations (nonfocal lines, different shades of gray). (O) 1:few
crossing scheme: The focal line is crossed to a pool of flies with five different genotypes without known selection targets. The starting frequency of the focal
line is again 50%. (D) 1:many crossing scheme: The focal line is crossed to a pool of 99 lines without known selection targets. (E) dil:st crossing scheme: 50%
of an evolved population originating from a primary E&R is replaced by ancestral genotypes of the primary E&R. The entire population has only one single
target of selection (focal SNP, purple flies). (F) dil:mt crossing scheme: 50% of an evolved population originating from a primary E&R is replaced by ancestral
genotypes of the primary E&R. The ancestral population carries 16 targets of selection (flies carrying different beneficial SNPs are shown in purple, and
green).

either codominant (dominance coefficient h=0.5), or domi- detected in primary E&R experiments (Baldwin-Brown et al.
nant (h=1). We did not consider recessive loci (h=0), be- 2014; Kofler and Schlotterer 2014). Similar to Baldwin-Brown
cause we do not anticipate that fully recessive targets would et al. (2014), we did not model allele frequency estimation
result in sufficiently large allele frequency changes to be errors caused for example by sequencing errors, limited read
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Table 1

Simulation Overview. 1:1_1f, 1:few, 1:many, dil:st, dil:mt: For each selected SNP, selection coefficients were uniformly sampled between 0.07 and 0.1.
Dominance coefficients were randomly chosen to be either 0.5 (co-dominant) or 1 (dominant). 1:1_2f, 1:1_1f1nf: For each simulation, the selection
coefficient of the target of interest was uniformly sampled between 0.07 and 0.1. In contrast to 1:1_1f, we simulated an additional selection target, which
was either located on the focal haplotype (1:1_2f) or one non-focal haplotype (1:1_1f1nf). The selection coefficient of the additional selection target was
uniformly sampled between 0.07 and the selection coefficient of the target of interest. We simulated all possible combinations of dominance coefficients for

the two selected SNPs (500 simulations per combination).

Crossing Scheme Population Size

1:1_1f 300; 1,200; 4,800; 19,200
1:1_2f 300; 1,200; 4,800; 19,200
1:1_1finf 300; 1,200; 4,800; 19,200
1:few 300
1:many 300
dil:st 300
dil:mt 300; 1,200; 4,800; 19,200

Generations Replicates Number of Simulations
60; 20 5/30 2,000/100
60 5 2,000
60 5 2,000
60 5/30 2,000/100
60; 20 5/30 2,000/100
60 5/30 2,000/100
60; 20 5/30 2,000/100

depth, read depth heterogeneity across the chromosome, or
the number of sequenced individuals. We used PoPoolation2
(Kofler et al. 2011) to rescale allele counts for each biallelic
position to a uniform read depth of 80.

Experimental Parameters

The purpose of this study is to test the influence of different
experimental parameters on the power and resolution of sec-
ondary E&R. For this, we systematically varied the crossing
scheme, population size, experimental duration, and number
of replicates to assess the effect of these experimental param-
eters on the power and resolution of secondary E&R (table 1).

We use the term “experimental design” to describe a dis-
tinct set of simulated experimental parameters (e.g., crossing
scheme = 1:1_1f; population size = 1,200 individuals; experi-
mental duration = 60 generations; five replicates).

Crossing Scheme

We simulated five different crossing schemes: 1:1 (versions 1f,
2f, and 1f1nf), 1:few, 1:many, dil:st, and dil:mt (fig. 1B8-F). In
the 1:1_1f crossing scheme (fig. 1B), two inbred founder lines
are crossed at equal proportions. One inbred focal line carries a
single target of selection—known from a primary E&R exper-
iment—and is crossed with inbred nonfocal lines, not carrying
known adaptive alleles. We consider this a best-case scenario.
Replicates are created by crossing the same focal line to differ-
ent nonfocal lines without known targets of selection. We used
different nonfocal lines as crossing partners to account for the
possibility that in real experiments these lines may contain
unidentified selected loci. By using different lines, the influence
of selection targets present in a single nonfocal line will be
outweighed by the focal locus, which is present in every repli-
cate (fig. 1B). To further explore the influence of unidentified
selected loci, we simulated two more versions of the 1:1 cross-
ing scheme with a more realistic genetic architecture (supple-
mentary fig. S1, Supplementary Material online). In these
versions, either the focal line itself, or one of the nonfocal lines

carries one additional target of selection. We call these scenar-
ios 2f, for a total of two selected loci in the focal line (supple-
mentary fig. S1B, Supplementary Material online), and 1f1nf,
for one selected locus in the focal line and one selected locus in
one of the nonfocal lines (supplementary fig. S1C,
Supplementary Material online). For each simulation, we sam-
pled the selection coefficient of the additional selection target
uniformly between 0.07 and the selection coefficient of the
selected SNP we consider for our analysis. We simulated all
possible combinations of dominance coefficients for the two
selected SNPs (0.5-0.5; 0.5-1; 1-0.5; 1-1). We ran 500 simu-
lations for each of the four combinations of dominance coef-
ficients for 2f and 1f1nf, respectively.

In the 1:few crossing scheme (fig. 10) the focal line is
crossed with a pool of five nonfocal lines that do not carry
known beneficial alleles. The starting frequency of the focal
line is 50%, whereas each nonfocal line has a starting fre-
guency of 10%. Each replicate consists of the same focal/
nonfocal line mixture. In the 1:many crossing scheme (fig.
1D), the focal line is crossed with a pool of 99 nonfocal lines.
Replicates consist of the same mixture of lines, and the start-
ing frequency of the focal line is 50%.

It has been recently suggested, that “diluting” evolved
populations of a primary E&R experiment with many nona-
dapted ancestral genotypes of the very same primary E&R and
exposing the diluted populations to the same selection regime
is a promising approach to validate selection candidates
(Burny et al. 2020). However, we lack a systematic power
assessment of such experiments with computer simulations.
We thus included two “dilution” crossing schemes (dil:mt,
dil:st) into our analysis. To evaluate the power of dilution
crossing schemes, it is important to first simulate a primary
E&R study. We chose to simulate a population consisting of
100 different founder lines, a population size of 300 individ-
uals, 60 generations of adaptation and one replicate, which
can then be diluted with nonadapted ancestral genotypes.
SNPs in the primary E&R were tested for allele frequency
change with the »? test.
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The population of the dil:st crossing scheme carries only
one beneficial SNP (dil:st = dilution:single target, fig. 1E).
The starting allele frequency of this beneficial, focal SNP is
sampled from the empirical starting allele frequency distri-
bution of putatively selected alleles from a previous E&R
study in which D. simulans populations adapted to a new
temperature regime (mean starting frequency = 0.1)
(Barghi et al. 2019). After simulating 60 generations of ad-
aptation (primary E&R), 50% of the evolved population is
replaced by flies of the nonadapted ancestral founder pop-
ulation. After this dilution step, the secondary E&R was sim-
ulated under the exact same selection regime as in the
primary E&R. A region with a strong selection signal from
the primary E&R is chosen for validation in the dilution
crossing schemes (Burny et al. 2020). Hence, we investi-
gated a 1Mb window, which is the previously reported
median selected haplotype block length on chromosome-
arm 2L (Barghi et al. 2019), around the SNP with the highest
%% test statistic in the primary E&R, in the secondary E&R.

The dil:mt (fig. 1F) crossing scheme has multiple selection
targets (dil:mt = dilution:multiple targets; 16 selection targets
on chromosome-arm 2L; Barghi et al. 2019). Again, we inves-
tigate a 1 Mb window around the SNP with the highest »? test
statistic in the primary E&R, in the secondary E&R. In case of
multiple selection targets in the 1 Mb window, we consider
the target that is closest to the SNP with the highest CMH test
statistic in the 1Mb window of the secondary E&R in our
analysis.

Population Size

For two crossing schemes that are relatively easy to implement
in empirical studies 1:1 (1f, 2f, and 1f1nf) and dil:mt, we
performed simulations (experimental duration = 60 genera-
tions; five replicates) with independently sampled selection
targets for population sizes of 300; 1,200; 4,800; and
19,200 individuals per replicate to test for the effect of the
population size on the power and resolution of secondary
E&R (table 1). All other crossing schemes were evaluated at
a population size of 300 individuals.

Experimental Duration

All crossing schemes were evaluated after 60 generations. To
explore the possibility that shorter experiments with less than
60 generations may already be sufficient to achieve satisfac-
tory power, we analyzed the simulations for 1:1 (without 2f
and 1f1nf) and dil:mt crossing schemes also already after 20
generations (table 1).

Number of Replicates

To assess the impact of the number of replicates on power of
secondary E&R, we conducted for each crossing scheme (1:1
without 2f and 1f1nf) 100 additional simulations (population

size = 300 individuals; experimental duration = 60 genera-
tions) with 30 replicates (table 1).

Statistical Analysis

All statistical analyses were performed using the R statisti-
cal computing environment (v3.5.3) (R Core Team 3.5.3
2019).

Power

For each simulation, we tested all SNPs on chromosome-arm
2L for allele frequency increase between the start and the end
of the simulated secondary E&R using the Cochran—-Mantel-
Haenszel test (CMH test, implemented in the R package
poolSeq [v0.3.2]; Taus et al. 2017). The CMH test allows to
test for independence of matched data—for example, allele
counts of replicated ancestral and evolved populations
(Agresti and Kateri 2011). We ranked SNPs based on their
CMH test statistic using the dense ranking method in the R
package data.table (v.1.12-8) (Dowle and Srinivasan 2019). In
dense ranking, SNPs with identical test statistics receive the
same rank, and the following SNP is assigned the immediately
following rank.

MaXTest statistic @

Test statistic
RO
®

o O

Genomic position

Fic. 2—Schematic overview of the definition of success-B in a sec-
ondary Evolve and Resequence simulation. All SNPs (neutral=circle, bene-
ficial=diamond) are tested for an allele frequency change with the
Cochran—Mantel-Haenszel test, and are ranked based on their test statistic
(y axis). If the focal selection target (purple diamond; one additional se-
lected SNP is shown as green diamond—for crossing scheme 1:1_2f,
1:1_1fnf, and dil:mt) is less than 100 SNPs away from the SNP with the
highest test statistic, the simulation run is deemed a success. In the exam-
ple depicted, the distance in number of SNPs between the focal target of
selection, and the SNP with the highest test statistic is 4, and the simulation
is classified as success.
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Based on this ranking, we used two different approaches
to classify simulations being either successful, or unsuccessful.
First, we only considered a simulation to be successful if the
true target of selection (i.e., the focal SNP with a selection
coefficient >0) was the SNP with the highest test statistic
(success-A). In a second analysis step, we classified a simula-
tion as success, if the focal target of selection was not more
than 100 SNPs away from the SNP with the highest test sta-
tistic (success-B, fig. 2). We acknowledge that success-B
depends on the maximum distance allowed between the
true target of selection and the SNP with the highest CMH
test statistic (fig. 2). However, varying the maximum distance
threshold did not alter the relative performance of different
experimental designs (data not shown). The power of an ex-
perimental design is defined as the proportion of simulations
that were able to detect the true target of selection.

Resolution

For simulations where the selection target was detected (suc-
cess-B), we determined the resolution of fine mapping of the
selection target by counting the number of SNPs between the
true selection target, and the SNP with the highest CMH test
statistic.

Assessment of Experimental and Population Genetic
Parameters

We used logistic regressions with a binomial error structure (¢)
and a logit link function (Baayen 2008) to test how different
experimental and population genetic parameters affect suc-
cess and failure to identify targets of selection, that is, success
(Y) is treated as a binary response encoded in O (failure) and 1
(success) of secondary E&R.

We fitted three different models with R function g/m with
u being the overall mean per model: Model 1 includes only
the two crossing schemes 1:1_1f and dil:mt for which we also
varied population size. Model 2 includes the three versions of
crossing scheme 1:1 (11, 2f, and 1f1nf) at varying population
sizes: 1f with only one positively selected SNP in the focal line;
version 2f with two selected SNPs in the focal line; and version
1f1nf with one selected SNP in the focal line and one selected
SNP in one nonfocal line. Model 3 includes all five simulated
crossing schemes (1:1 without 2f and 1f1nf) at a constant
population size of 300 individuals.

Prior to model fitting, the two covariates selection coeffi-
cient and mean starting allele frequency (not applicable to
model 2 as starting allele frequency is always 50%) were
multiplied by 100, and z-transformed to a mean of zero
and standard deviation of one for easier interpretable esti-
mates (Schielzeth 2010).

Yiiimn = pt + Cross; + h; + sy + af; + N
+ (cross : h); + (h = af); + (cross : N);,
+ (h: N)jp, + (cross : h: N) jm =+ €iikimn (1)

Yjkmn = p + architecture; + h; + sx + Np
+ (architecture : h); + (architecture : N),,,
+ (h : N);, + (architecture : h: N);, + gjmn  (2)
Yikim = i+ Cross; + hy + s + af; + (cross : h)ﬁ +(h: af)j,
=+ &jikim

3)

Model 1 (eq. 1) contained: 1) five explanatory variables as
main effects; crossing scheme (cross;), a fixed categorical ef-
fect with two levels—1:1_1f and dil:mt; a fixed categorical
effect of dominance coefficient (h;) with levels 0.5 and 1;
selection coefficient (sx) and mean starting allele frequency
(af;) over replicated populations (both as continuous covari-
ate); and population size (), a fixed categorical effect with
four levels—300; 1,200; 4,800; 19,200, 2) an interaction
term between dominance coefficient and mean starting allele
frequency ((h: af)/-,), 3) and a triple interaction between
crossing scheme, dominance coefficient, and population
size ((cross : h : N),].m), and all pairwise interaction terms of
effects involved in the triple interaction term ((cross : h),j,'
(cross : N)jn; (h = N);). We included interaction terms into
the model that have population genetic interpretations.

Data analyzed with model 1 contained 16,000 observa-
tions, namely 2,000 independent simulation runs for each
crossing scheme (1:1_11, dil:mt), and each of the four differ-
ent population sizes (300; 1,200; 4,800; 19,200) (table 1). To
avoid potential bias introduced by specific haplotypes being
sampled, we randomly chose four sets of focal/nonfocal
founder lines for the 1:1_1f crossing scheme and performed
500 simulation runs per set. The chosen set of founder lines
did not have a significant effect on the success of secondary
E&R and is thus not included in the final model (likelihood
ratio test [LRT] full-reduced model comparison; data not
shown).

Model 2 (eq. 2) contained: 1) four explanatory variables as
main effects; a fixed categorical effect “architecture”
(architecture;) that describes the version of the 1:1 crossing
scheme in combination with the dominance coefficient of
the additional selected target (if present) resulting in five lev-
els: 1f; 2f_h05; 2f_h1; 1f1nf_h05; 1f1nf_h. Model 2 further
contained a fixed categorical effect of dominance coefficient
for the focal SNP (h;) with levels 0.5 and 1; selection coeffi-
cient (sg) as continuous covariate; and population
size (Nm), a fixed categorical effect with four levels: 300;
1,200; 4,800; 19,200, 2) a triple interaction between
architecture, dominance coefficient, and population size
((architecture : h : N),jm), and all pairwise interaction terms
of effects involved in the triple interaction term
((architecture : h);; (architecture : N),; (h: N);,).

Data analyzed with model 2 contained 24,000 observa-
tions, namely 2,000 independent simulation runs for each
version of the 1:1 crossing scheme (1f, 2f, 1f1nf), and four
different population sizes (300; 1,200; 4,800; 19,200
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individuals). Because model 1 showed that the chosen set of
founder lines did not have a significant effect on the power of
secondary E&R, we simulated only one set of focal/nonfocal
founder lines.

Model 3 (eq. 3) contained: 1) four explanatory variables;
crossing scheme (cross;), a fixed categorical effect with five
levels: 1:1_1f; 1:few; 1:many; dil:st; dil:mt, dominance coef-
ficient (h)), selection coefficient (s¢), and mean starting allele
frequency (af;) over replicated populations as main effects, as
described for model 1, 2) an interaction term between cross-
ing scheme and dominance coefficient ((cross : h),j), 3) and
an interaction term between dominance coefficient and
mean starting allele frequency ((h : af);).

We analyzed 10,000 samples (2,000 independent simula-
tion runs for each crossing scheme) (table 1). For crossing
schemes using only few different founder lines (1:1_1f,
1:few), the simulation runs are based on four randomly cho-
sen sets of founder lines each (500 simulation runs per set). As
in model 1, the set of founder lines does not have a significant
effect on secondary E&R success and is thus not included in
the final model (LRT full-reduced model comparison; data not
shown). We performed additional analysis with 500 observa-
tions (100 independent simulation runs for each crossing
scheme) to determine the influence of the number of repli-
cates on the power of secondary E&R (table 1).

We performed all diagnostic checks required for logistic
regression. Absence of collinearity was confirmed by comput-
ing the generalized Variance Inflation Factors (Fox and
Monette 1992) using function vif in R package car (v3.0-8;
Fox and Weisberg 2019). Model stability was checked with
the R function dfbeta. For visualization, linear predictors (LP)
were back-transformed to success probabilities using the in-
verse logit transformation: psycess = % 95% confidence
intervals of the fitted values were investigated with the R func-
tion predict.glim. Significance of single explanatory variables
was tested with a Type II ANOVA using function Anova in
R package car (Fox and Weisberg 2019) and are provided
in the Supplement. Significance of explanatory variables
including all their modeled interactions was tested with
a LRT comparing the full model with a nested reduced
model with the same structure as the full model, but lacking
the assessed explanatory variable (and its interactions).
Significance is declared at an alpha cut-off of 5%. We used
Nagelkerke’s R? index (Nagelkerke 1991) to calculate the im-
provement of each model parameter upon the prediction of a
reduced model.

We observed two cases where a combination of explana-
tory variables resulted in complete separation of data
points (fig. 5A [dominance coefficient: 0.5, population
size: 1,200, architecture: 2f_h05], supplementary fig. S8A,
Supplementary Material online [dominance coefficient: 0.5,
crossing scheme: dil:mt]). To obtain interpretable model esti-
mates, we added one pseudo-observation with the missing
response (success) to the data for each of these two cases.

Results

We used forward simulations to assess the influence of dif-
ferent experimental and population genetic parameters, more
specifically crossing scheme, population size, dominance co-
efficient, selection strength, and mean starting allele fre-
guency on the success to detect and fine map selection
targets in secondary E&R experiments (fig. 14). We used a
CMH test to identify SNPs rising in allele frequency (number of
SNPs see supplementary table S1, Supplementary Material
online). The CMH test allows to test for independence of
matched categorical data (Agresti and Kateri 2011), and com-
pares favorably to other statistical methods in reliably identi-
fying possible targets of selection in E&R setups (Vlachos et al.
2019). A simulation run was considered successful, if the true
target of selection was the SNP with the highest CMH test
statistic (success-A). In a second analysis step, we considered
simulation runs as successful, if the true target of selection
was not more than 100 SNPs away from the SNP with the
highest CMH test statistic (success-B, fig. 2). We used logistic
regression to assess which experimental and population ge-
netic parameters have a significant effect on the success of
secondary E&R.

First, we evaluated two crossing schemes that can be easily
implemented in empirical studies, 1:1_1f (fig. 1B8) and dil:mt
(fig. 1F). The 1:1_1f crossing scheme (fig. 1B) is based on
founder lines only (a founder line is an inbred isofemale line
homozygous for one ancestral haplotype). Using information
about the selected haplotype from a primary E&R study, it is
possible to determine which founder lines carry a selection
target (Barghi et al. 2019). Note, this requires focal founder
lines to be sequenced. Crossing a focal founder line with the
selected haplotype with a nonfocal line without known selec-
tion targets offers the advantage of reducing the number of
selection targets dramatically. Using different nonfocal lines
without known strong selection targets in each replicate
reduces the potential of consistent confounding effects of
unidentified selection targets outside the region of inter-
est—a signal the CMH test is particularly sensitive to as it scans
for consistent allele frequency changes across replicates.

Dil:mt (fig. 1F) represents an entirely different approach.
Dil:mt has multiple targets of selection at different frequencies
and is probably the simulated crossing scheme with the most
straight forward empirical implementation (Barghi et al. 2019;
Burny et al. 2020). It is based on a “dilution” approach, where
evolved individuals from a primary E&R experiment are
crossed to the nonadapted ancestral founder population
from the same primary E&R (Burny et al. 2020). In contrast
to 1:1_1f, a dil:mt crossing scheme requires both—ancestral
and evolved—populations of the primary E&R, but relatively
limited information about selection targets on individual
founder lines.

To evaluate the 1:1_1f and dil:mt crossing scheme, we
simulated secondary E&R consisting of five replicated
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populations with constant population size (300; 1,200; 4,800,
or 19,200 individuals per replicate) that evolve for 60 gener-
ations. We simulated positively selected SNPs (selection coef-
ficient is uniformly sampled between 0.07 and 0.1) that were
randomly chosen with equal probability to be either codom-
inant (h=0.5) or dominant (h=1). We used logistic regres-
sion to assess the effects of model parameters on secondary
E&R success (Model 1, Assessment of Experimental and
Population Genetic Parameters in the Materials and
Methods section). Although selection strength (LRT full-
reduced null model comparison [Model 1]: y? = 67.4, df =
1, P<0.001 [success-Al; y> = 73.4, df = 1, P< 0.001 [suc-
cess-B]), dominance coefficient (LRT full-reduced model com-
parison [Model 1]: 32 = 733.4, df =9, P< 0.001 [success-A];
> =714.5,df =9, P<0.001 [success-B]), and mean starting
allele frequency (LRT full-reduced model comparison [Model
1]: 42 = 22.4, df = 2, P< 0.001 [success-Al; y2 = 17.4, df =
2, P<0.001 [success-B]) all have a significant effect on the
power of secondary E&R (supplementary table S2,
Supplementary Material online), our analysis reveals that
crossing scheme and population size have by far the strongest
influence on secondary E&R success. Both the crossing
scheme (LRT full-reduced model comparison [Model 1]:
«=3,510.1, df = 8 P<0.001 [success-Al;
7> =3,211.3, df = 8, P< 0.001 [success-B]); and the popu-
lation size (LRT full-reduced model comparison [Model 1]:
“=2,1429, df = 12, P<0.001 [success-Al;
7> =2,633.4, df = 12, P< 0.001 [success-B]) have a signif-
icant effect on the success of secondary E&R, and are the only
parameters with a Nagelkerke’s R? index above 0.2 (supple-
mentary table S3, Supplementary Material online).

Although a 1:1_1f crossing scheme results in higher
power values than the dil:mt crossing scheme independently
of the population size, the difference to the dil:mt crossing
scheme is more pronounced in larger experimental popula-
tions (fig. 3). This does not hold only for the power, but also
for the resolution (=the distance in SNPs between the true
target of selection, and the SNP with the highest CMH test
statistic, fig. 4). A potential disadvantage of the 1:1_1f cross-
ing scheme is that the low number of different founder lines
(n=86, fig. 1B) causes more linkage disequilibrium, indicated
by the number of neighboring SNPs with identical test statis-
tics (=ties) and thus broadens signatures compared with
dil:mt crossing scheme that has more founder lines
(n=100) (supplementary fig. S2, Supplementary Material on-
line). However, this is outweighed by superior power of the
1:1_1f crossing scheme at every population size investigated
(figs. 3 and 4).

Experimental Duration

Our analysis showed that after 60 generations of adaptation,
only experimental designs with a population size of at least
1,200 individuals have more power than 50% (fig. 3). The

1:1_1f crossing scheme clearly outperforms dil:mt regardless
of the population size, and reaches power above 75% only
with a population size of at least 4,800 individuals. However,
the maintenance of five replicates for 60 generations is labor
intensive and can be quite time consuming for most sexual
organisms. We explored the possibility that shorter experi-
ments with less than 60 generations may already be sufficient
to achieve satisfactory power values. We thus reanalyzed the
power of the 1:1_1f, and dil:mt crossing scheme after 20
generations of adaptation (table 1).

Consistent with previous computer simulation studies
(Baldwin-Brown et al. 2014; Kofler and Schlotterer 2014;
Kessner and Novembre 2015) and empirical results
(Langmdller and Schlétterer 2020), we observe reduced
power for experimental designs with shorter experimental
duration (supplementary fig. S3, Supplementary Material on-
line). Consistent with the results after 60 generations, the
crossing scheme (LRT full-reduced model comparison
[Model 1]: 2 =2,672.7, df = 8, P<0.001 [success-A];
y? =2,234.4, df = 8, P< 0.001 [success-B]) and the popu-
lation size (LRT full-reduced model comparison [Model 1]:
¥ =3,176.4, df = 12, P<0.001 [success-A];
¥? =3,375.3, df = 12, P< 0.001 [success-B]) have the big-
gest effects on the success of secondary E&R (supplementary
tables S2 and S3, Supplementary Material online).

In contrast to our analysis after 60 generations of adapta-
tion, the dil:mt crossing scheme results in higher power than
the 1:1_1f crossing scheme for populations with the smallest
simulated population size (300 individuals) after 20 genera-
tions of adaptation (supplementary fig. S4, Supplementary
Material online). A possible explanation for this is that the
dil:mt crossing scheme has multiple beneficial targets.
Because we simulate additive selection, linked selection tar-
gets can act synergistically and increase the frequency of
the focal SNP over shorter time scales. This phenomenon of
pronounced allele frequency increase due to linked selection
will be especially important if the population size is small (i.e.,
drift is not neglectable), and the experimental duration is
short. This is reflected in a higher Nagelkerke’s R? index for
population size in secondary E&R with an experimental dura-
tion of 20 generations compared with 60 generations of ad-
aptation (supplementary table S3, Supplementary Material
online).

With increasing population size and thus, reduced genetic
drift, the 1:1_1f crossing scheme outcompetes dil:mt, as al-
ready seen in our analysis after 60 generations (supplemen-
tary figs. S3 and S4, Supplementary Material online).
Although shorter experimental duration reduces power, our
analysis after 20 generations of adaptation highlights that if
the maintenance of experimental populations for many gen-
erations is not feasible, shorter experiments can achieve sim-
ilar power if they are maintained at larger population sizes
(fig. 3 and supplementary fig. S3, Supplementary Material
online).
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Fic. 3.—Power of the 1:1_1f and dil:mt crossing scheme at different population sizes (2,000 simulations/experimental design). Bars show the power
(i.e., the proportion of successful simulations) separately for each combination of crossing scheme (1:1_1f, dil:mt), population size (300; 1,200; 4,800;
19,200 individuals), and dominance coefficient (additive in gray, dominant in white). The dots with error bars display the estimate from the fitted model
(Model 1) and its 95% confidence interval. For the model fit, the selection coefficient was fixed to its global average, and combination-specific average
starting allele frequencies were used. (A) shows the results for success-A (=selection target is the SNP with the highest Cochran—-Mantel-Haenszel [CMH] test
statistic), (B) shows the results for success-B (=selection target is not more than 100 SNPs away from the SNP with the highest CMH test statistic).

300 1200 4800 19200

08/ LT

061 /
0.4 IR

— 11_1f
- = dil:mt

power

0.0

©cR8888 289888 ok39888 29888
max distance in SNPs
Fic. 4.—Resolution of the 1:1_f and dil:mt crossing scheme at different population sizes. Proportion of simulations (y axis) that do not exceed a

maximum distance in SNPs (x axis) between the SNP with the highest Cochran—Mantel-Haenszel test statistic and the true target of selection. Each panel
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Additional Target of Selection in the 1:1 Crossing Scheme (supplementary fig. S1, Supplementary Material online;
In contrast to dil:mt, the 1:1_1f crossing scheme harbors only Model' 2, Assessmgnt hOf Expgrllmen'i?l ang dPopngtlon
one target of selection. We simulated two additional versions Genetic Parameters in the Materials and Methods section).

We observed that one additional beneficial SNP has a signif-

of the 1:1 crossing scheme to investigate how one additional ) ,
icant effect on the power of secondary E&R using the 1:1

target of selection influences the power of secondary E&R
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Fic. 5.—Power of the different 1:1 crossing schemes at different population sizes (Model 2) (2,000 simulations/experimental design) after 60 gen-
erations of adaptation. Bars show the power (i.e., proportion of successful simulations) separately for each combination of 1:1 crossing scheme version with
the dominance coefficient of the additional target of selection: 1, only one target of selection on the focal haplotype; 2f_h05/2f_h1, two targets of selection
on the focal haplotype; 1f1nf_h05/1f1nf_h1, one target of selection on the focal haplotype and one on one nonfocal haplotype. Columns depict different
population sizes (300; 1,200; 4,800; 19,200 individuals), and rows show different dominance coefficients of the target of interest (additive in top row,
dominant in bottom row). The dots with error bars display the model fit (Model 2) and its 95% confidence interval. For the model fit, the selection coefficient
was fixed to its global average. (A) shows the results for success-A (=selection target is the SNP with the highest Cochran-Mantel-Haenszel [CMH] test
statistic). (B) shows the results for success-B (=selection target is not more than 100 SNPs away from the SNP with the highest CMH test statistic).

crossing scheme (LRT full-reduced model comparison [Model
2l 2 =1,727.7, df 32, P<0.001 [success-Al;
1% =2,588.42, df = 32, P<0.001 [success-B]; supplemen-
tary tables S4 and S5, Supplementary Material online). This
significant effect is mainly driven by one scenario: when the
focal line harbors two targets of selection with the target of
interest being dominant and the additional target being co-
dominant (fig. 5) the power to detect the target of interest is
close to zero. The reason is that with a starting frequency of
50%, codominant alleles respond more to strong selection
than dominant alleles, because nonfavored alleles are masked
by high frequency dominant alleles (supplementary fig. S5,
Supplementary Material online). This differential behavior is
particularly pronounced for high allele frequencies. Note that
our definitions of success do not use prior information on the
location of the focal SNP of interest. We propose that a sub-
stantial fraction of the power can be recovered if the analysis
is restricted to the approximate location of the focal target
determined in the primary E&R study. On the other hand, for
additive targets of interest one additional target of selection
hardly reduces the power of the 1:1 crossing scheme, regard-
less of the dominance coefficient of the additional target and
whether the additional target is positioned on the focal or one
nonfocal haplotype (fig. 5). Overall, our results show that the

1:1 crossing scheme still outperforms dil:mt even in the pres-
ence of one additional target of selection (figs. 3 and 5). For
the remaining analysis, we will focus on a 1:1_1f crossing
scheme with only one target of selection.

Alternative Crossing Schemes

Since large population sizes can be challenging to maintain,
we also evaluated additional crossing schemes which may
perform better even for smaller population sizes (Model 3,
Assessment of Experimental and Population Genetic
Parameters in the Materials and Methods section). 1:few
(fig. 10) is a modification of the 1:1_1f crossing scheme,
which combines all nonfocal lines in each replicate—this pro-
vides a consistent genetic composition in each replicate. The
1:many crossing scheme (fig. 1D) uses one focal, and 99 non-
focal lines without selection target. We reasoned that the
larger number of segregating variants (970,466 SNPs com-
pared with max 527,771 SNPs in 1:1 crossing scheme, sup-
plementary table S1, Supplementary Material online)
potentially provides a higher mapping resolution. Finally, we
modified the dilution crossing scheme by simulating only one
selection target in the founder population (dil:st, fig. 1£).
Hence, no additional selection targets can create potentially

10  Genome Biol. Evol. 13(8)

doi:10.1093/gbe/evab154 Advance Access publication 30 June 2021


https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab154#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab154#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab154#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab154#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab154#supplementary-data

Fine Mapping without Phenotyping

GBE

confounding selection signatures. For each experimental de-
sign, we simulated a population size of 300 individuals, 60
generations of adaptation, and five replicates (table1).
Regardless of the experimental design, the simulated focal
selection targets experienced a pronounced allele frequency
increase (supplementary fig. S6, Supplementary Material on-
line). In “dilution” crossing schemes (dil:st, dil:mt; fig. 1£ and
F) the frequency trajectories of the focal SNPs were highly
variable because of the heterogeneous starting frequency.
The crossing schemes where a single focal line with a starting
frequency of 50% carries the beneficial allele typically had a
superior performance than dilution crossing schemes (fig. 6).
Notably, the significant influence of crossing scheme on sec-
ondary E&R success (LRT full-reduced model comparison
[Model 3]: 42 =295.9, df = 8, P<0.001 [success-A];
7> =190.23, df = 8, P<0.001 [success-B]) (supplementary
tables S6 and S7, Supplementary Material online) cannot be
explained by a loss of the focal SNP in dilution crossing
schemes, which occurred in less than 1% of the simulations.
We found that the dil:st crossing scheme is still inferior to
the 1:1_1f crossing scheme for additive loci (fig. 6). Also, the
modifications of the 1:1_1f crossing scheme (1:few, 1:many)
do not provide a substantial improvement (fig. 6).
Surprisingly, the 1:many crossing scheme performed very
poorly. This may be at least partly attributed to the larger
number of SNPs/kb, which will affect the SNP-based success

rate (success-B, fig. 2). Given that the three additional crossing
schemes do not provide a clear advantage (figs. 6 and 7;
supplementary fig. S7, Supplementary Material online), and
are not easier to execute experimentally, we did not evaluate
them with larger population sizes.

Number of Replicates

Given the superior performance of experimental designs with
larger population sizes (fig. 3), we were also interested
whether more replicates with a smaller population size may
provide further improvements. We performed additional sim-
ulations for all five different crossing schemes with a popula-
tion size of 300 individuals per replicate, and 30 replicates
(table 1). Consistent with other simulation studies (Kofler
and Schlotterer 2014; Kessner and Novembre 2015), more
replicates result in increased power (supplementary fig. S8,
Supplementary Material online). The power of secondary E&R
with 30 replicates (supplementary table S6, Supplementary
Material online) is only significantly affected by the crossing
scheme considering all modeled interactions (LRT full-reduced
model comparison [Model 3]: 2 = 31.467, df =8, P< 0.001
[success-Al; * = 16.692, df = 8, P=0.033 [success-B]; sup-
plementary table S7, Supplementary Material online). The
1:1_1f crossing scheme with 30 replicates also has the highest
resolution (supplementary fig. S9A, Supplementary Material
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Fic. 6.—Power of five different crossing schemes (population size=300 individuals; 2,000 simulations/experimental design). Bars show the power (i.e.,
proportion of successful simulations) separately for each combination of crossing scheme and dominance coefficient (additive in gray; dominant in white).
The dots with error bars display the estimate from the fitted model (Model 3) and its 95% confidence interval. For the model fit, the selection coefficient was
fixed to its global average, and combination-specific average starting allele frequencies were used. (A) shows the results for success-A (=selection target is
the SNP with the highest Cochran-Mantel-Haenszel (CMH) test statistic), (B) shows the results for success-B (=selection target is not more than 100 SNPs

away from the SNP with the highest CMH test statistic).
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online). As expected, the impact of linkage disequilibrium,
indicated by the number of ties, is dramatically reduced for
all crossing schemes when more replicates are simulated (sup-
plementary fig. S9B, Supplementary Material online, com-
pared with supplementary fig. S7, Supplementary Material
online). However, similar improvements as seen with 30 rep-
licates can be achieved if five replicates of the 1:1_1f crossing
scheme are used with a population size of 1,200 individuals
(fig. 3). Thus, the same power can be achieved while main-
taining about 33% fewer individuals.

Dominance Coefficient, Selection Coefficient, and Mean
Starting Allele Frequency

As expected, dominance coefficient, selection coefficient, and
average starting allele frequency have a significant effect on
the success of secondary E&R in all simulation scenarios, ex-
cept for data with 30 replicates. We observed that selection
targets with a higher selection coefficient and/or a higher
mean starting allele frequency are easier to fine map. The
lack of significant effects of these parameters on secondary
E&R success for the data set with 30 replicates can probably
be explained by the smaller number of conducted simulations
(100 for 30 replicates and 2,000 for five replicates, table 1).
After crossing scheme and population size, the dominance
coefficient is the parameter with the highest Nagelkerke's
R? index in our analysis, with additive loci being easier to
fine map. This is caused by the fact that heterozygotes and
target homozygotes with a dominant beneficial SNP have the
same fitness, resulting in less efficient selection that becomes
especially apparent if the selected allele has already reached a
high frequency in the population, and nonselected allele
homozygotes become rare (indicated by a significant negative
effect of the interaction term between dominance coefficient
and mean starting allele frequency in most of our statistical
models).

Discussion

This work was inspired by the difficulty of most E&R studies
with sexually reproducing organisms to pinpoint selection tar-
gets, mostly due to numerous neutral hitchhikers resulting in
large haplotype blocks. Secondary E&R—a follow-up EE vali-
dating putative selection targets of a primary E&R under an
identical selection regime—has been recently suggested as
experimental approach for selection target confirmation
(Burny et al. 2020). We used extensive computer simulations
to evaluate how experimental and population genetics pa-
rameter shape the power and resolution of secondary E&R.
As expected, dominance coefficient, selection strength, and
mean starting allele frequency of the selected target all have a
significant effect on the success of E&R, where dominant se-
lection targets at high frequency are particularly challenging
to detect. However, population size and crossing scheme
emerged as the most influential parameters in our analysis.

The Crossing Scheme Has a Pronounced Effect on
Secondary E&R Success

We show that a simple crossing scheme, which only requires
that (a subset of) the founder lines are sequenced and that
founder lines with and without the selection target of interest
can be distinguished, has the best power and resolution of the
five crossing schemes tested. The 1:1 crossing scheme is par-
ticularly well-suited when many selection targets are detected
in the evolved populations of the primary E&R, because it uses
only a subset of the lines from the nonadapted ancestral
founder population of the primary E&R study. This reduces
potential confounding effects between the selection target of
interest and other adaptive loci in two ways. First, nonadapted
ancestral founder haplotypes will harbor on average less se-
lection targets than evolved haplotypes that can acquire mul-
tiple selection targets through recombination events during
the primary E&R (Otte and Schldtterer 2021). Because evolved
haplotypes will often harbor multiple selection targets, bene-
ficial alleles will not propagate independently from each
other, which makes it challenging to fine-map single selection
targets. Second, the total number of potential beneficial
alleles in a 1:1 crossing scheme is deliberately reduced by
picking only a subset of the founder lines of the primary
E&R, which facilitates fine mapping of one particular selection
target of interest with secondary E&R.

We would like to point out that in our study “crossing
schemes” are defined such that they do not only differ in
the actual crossing procedure, but also in the number and
starting allele frequency distribution of simulated selection
targets (e.g., 1:1_1f vs. dil:mt). Additional beneficial alleles
can without doubt have an impact on the power of secondary
E&R. Although the 1:1 crossing scheme still outperforms
dil:mt in the presence of one additional selection target, the
relative performance of crossing schemes might change given
an even more complex underlying genetic architecture.

12 Genome Biol. Evol. 13(8) doi:10.1093/gbe/evab154 Advance Access publication 30 June 2021


https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab154#supplementary-data
https://academic.oup.com/gbe/article-lookup/doi/10.1093/gbe/evab154#supplementary-data

Fine Mapping without Phenotyping

GBE

Furthermore, we focused in this study on the assessment of
experimental and population genetic parameters given a di-
rectional selection regime. Future research on the potential of
secondary E&R to fine map selection targets under a complex/
polygenic genetic architecture is needed, such as for example
a quantitative trait under stabilizing selection that experienced
a recent shift in trait optimum.

Sufficient E&R Power Requires Large Population Sizes

Our analyses also indicate that rather large population sizes
are crucial to identify the causative variant with sufficient con-
fidence using a secondary E&R approach. This observation
explains why an empirical secondary E&R study in D. simulans
with a population size of 1,250 flies per replicated population
failed to narrow down a pronounced candidate region from a
primary E&R in a secondary E&R after 30 generations, and
only confirmed the presence of selected alleles (Burny et al.
2020).

Our results suggest that large population sizes become
especially crucial for short-term secondary E&R. The low
power of short-term E&R with reduced experimental duration
(Kofler and Schlétterer 2014) can be improved by a larger
experimental population size. Our analyses show that to
achieve satisfactory power after only 20 generations requires
population sizes of tens of thousands of individuals—dimen-
sions that are rather rare in current EE designs with strictly
sexually reproducing organisms, where population sizes are
mostly limited by the capacities to conduct such large experi-
ments. Similar to previous simulation studies (Kofler and
Schldtterer 2014; Kessner and Novembre 2015), we demon-
strated that increasing the number of replicates results in
more powerful secondary E&R. If large population sizes are
not feasible, maintaining many replicates at small population
size can help to boost secondary E&R performance.
Additionally, the loss of one replicate in a highly replicated
setup has a smaller impact than in an experimental setup with
very few replicates. However, we show that additional repli-
cation cannot completely compensate the advantage of large
population sizes in secondary E&R. Based on this observation,
we conclude that independent of the crossing scheme, the
power of secondary E&R will benefit from larger population
sizes. Furthermore, the resolution will significantly increase
with more replicates—a result that we anticipate can be gen-
eralized to different underlying genetic architectures as well as
(model) organisms.

Allele Frequency Estimation Errors and Read Depth

The results of this study are based on true allele frequencies
estimated without error—a rather optimistic assumption that
will not hold for empirical data. In empirical E&R studies, nu-
merous factors influence the accuracy of allele frequency esti-
mates, such as the rate of sequencing errors, genome-wide
read depth heterogeneity, and the average read depth

(Baldwin-Brown et al. 2014; Kofler and Schlotterer 2014;
Tilk et al. 2019).

Individual whole-genome sequencing for entire popula-
tions becomes quickly prohibitive with increasing sample
size. Sequencing pools of individuals (Pool-Seq) (Schlotterer
et al. 2014) provides a cost-effective approach that allows
to robustly estimate allele frequency estimates and has be-
come the method of choice for most E&R studies (Turner et al.
2011; Schlotterer et al. 2015). Since typical Pool-Seq studies
combine all individuals from a given generation to reduce the
sampling error (Schlotterer et al. 2014), the read depth of
Pool-Seq studies will affect all experimental designs to the
same extent as long as the coverage is considerably lower
than the pool size.

Choice of Model Organism

Our simulations are parameterized for D. simulans because
this species is better suited for E&R studies than D. mela-
nogaster (Barghi et al. 2017). Although other species, such
as Saccharomyces cerevisiae (Burke et al. 2014) or
Caenorhabditis remanei (Castillo et al. 2015) have been
used to study adaptive response from standing genetic varia-
tion in outcrossing species, Drosophila is currently the most
popular organism. Nevertheless, we anticipate that the results
of this study can be generalized to other species, but the
availability of sequenced inbred founder lines is probably a
more severe restriction, which could limit the widespread
use of secondary E&R.

Selection Regime

Our simulations are targeted for selection regimes with a
moderate number of selection targets, with rather strong
effects, as seen in empirical E&R studies using Drosophila
(Mallard et al. 2018; Barghi et al. 2019; Michalak et al.
2019). Since strongly selected haplotype blocks typically
have low starting frequencies, we consider the 1:1 crossing
scheme a very realistic case, as most of the selection targets
will be found only in a few ancestral founder lines. As outlined
above, evolved haplotypes in dil:mt on the other hand will
most likely carry multiple beneficial alleles that have recom-
bined over the course of the primary E&R, which makes it
challenging to fine-map one distinct selection target of inter-
est as our results suggest.

Furthermore, we assumed the rather simple selection sce-
nario of directional selection. More complex scenarios that
include pleiotropy and/or epistasis were not considered.
Although both are very important factors that could affect
the allele frequency changes in an E&R study, we would like
to point out that secondary E&R is designed to study loci,
which experienced a substantial allele frequency increase in
a primary experiment, thus pleiotropic constraints are not
expected to be a major confounding factor. Epistasis, on
the other hand may be more pronounced in the 1:1 crossing
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scheme. It may be possible that the focal allele is only selected
in a subset of the replicates, but not in others-or the response
may differ between replicates. Although this reduces the
power of secondary E&R to fine-map the selection target,
such a result may open the possibility to study the impact of
epistatic effects. Since the founder lines will be available, it will
be possible to repeat the experiment with replication for each
genotype combination to assure that the heterogeneous re-
sponse comes from epistatic effects and is not linked to sto-
chastic changes.

Finally, it is important to keep in mind that the secondary
E&R designs discussed here are not tailored to study highly
polygenic traits, because in this study, we were assuming that
recombination facilitates the identification of a selection tar-
get with a major effect. For a highly polygenic trait, selected
haplotype blocks identified in the primary E&R experiment
(with multiple selected loci) would be broken down during
the secondary E&R, which reduces their selective advantage.
To what extent this different behavior in secondary E&R
experiments can be used to distinguish these different archi-
tectures requires further work.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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