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Abstract 

Abiotic environmental factors play a fundamental role in determining the distribution, 

abundance, and adaptive diversification of species. Empowered by new technologies enabling 

rapid and increasingly accurate examination of genomic variation in populations, researchers 

may gain new insights into the genomic background of adaptive radiation and stress 

resistance. We investigated genomic variation across generations of large-scale experimental 
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selection regimes originating from a single founder population of Drosophila melanogaster, 

diverging in response to ecologically relevant environmental stressors: heat shock, heat knock 

down, cold shock, desiccation, and starvation. When compared to the founder population, and 

to parallel unselected controls, there were more than 100,000 single nucleotide 

polymorphisms (SNPs) displaying consistent allelic changes in response to selective 

pressures across generations. These SNPs were found in both coding and noncoding 

sequences, with the highest density in promoter regions, and involved a broad range of 

functionalities, including molecular chaperoning by heat shock proteins. The SNP patterns 

were highly stressor-specific despite considerable variation among line replicates within each 

selection regime, as reflected by a principal component analysis, and co-occurred with 

selective sweep regions. Only ~15% of SNPs with putatively adaptive changes were shared 

by at least two selective regimes, while less than 1% of SNPs diverged in opposite directions. 

Divergent stressors driving evolution in the experimental system of adaptive radiation left 

distinct genomic signatures, most pronounced in starvation and heat shock selection regimes. 

 

Introduction 

Phenotypic traits that are tightly connected to the Darwinian fitness are targeted by natural 

selection and may evolve. Adaptive evolution of a simple independent trait is limited by the 

amount of expressed heritable genetic variance, but for most complex traits, the process of 

evolution typically involves micro-evolution of a suite of underlying subordinate 

morphological and physiological traits (Falconer & Mackay 1996; Lynch & Walsh 1998; 

Swallow & Garland 2005). This creates an opportunity for side-effects on other complex 

traits that also underlie Darwinian fitness, potentially producing evolutionary constraints in 

form of trade-offs, or alternatively parallel evolution of complex traits within a population 

(Walsh & Blows 2009). Because natural populations face multiple environmental stressors, 
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including thermal stress as well as water and food availability, several complex traits are 

typically targeted by selection simultaneously (Hoffmann & Parsons 1997). Experimental 

evolution has proved to be a powerful approach to improve our understanding of the process 

of genomic adaptation (Burke et al. 2010; Schlotterer et al. 2015; Teotonio et al. 2009). We 

now know more about the prevalence of soft sweeps in sexually reproducing organisms 

(Burke 2012; Burke et al. 2010; Tobler et al. 2014; Turner et al. 2011), the reversibility of 

evolution (Teotonio et al. 2009), maintenance of genetic diversity by selection in smaller 

populations (Schou et al. 2017), and the repeatability of evolution (Graves et al. 2017). 

However, our knowledge on how the pathways and mechanisms of genomic adaptation in 

one complex trait, may constrain or promote the adaptive evolution of another complex trait 

is still very limited. This is likely due to the fact that inference on this matter is limited by 

lack of similar genetic background in previous studies focusing on separate environmental 

stressors (Sarup et al. 2011); in other words, another experimental design is needed. 

 

In 1996 one founder population of Drosophila melanogaster was used to establish a system 

of experimental adaptive radiation, involving five different environmental stressors with 

five replicate populations each: Desiccation resistance selection (DS); Starvation resistance 

selection (SS); Cold-shock resistance selection (CS); Heat shock resistance selection (HS) 

and Heat knock down resistance selection (KS), in comparison with Unselected control 

(UC, also represented by five replicates). Every second generation, the 300 (50%) most 

stress tolerant individuals for a given stressor were selected, and after 21 generations of 

selection all replicate populations had increased their respective stress tolerance (Bubliy & 

Loeschcke 2005). When correlated phenotypic responses across the different stressors were 

assessed, no trade-offs emerged and several stressors showed correlated responses (Bubliy 

& Loeschcke 2005), a pattern recently confirmed at the proteomic level (Sorensen et al. 
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2017). This impressive phenotypic assessment suggests that the prevalence of trade-offs 

constraining adaptive evolution in stress tolerance traits is low for the traits considered, but 

the underlying genomic data from this system is yet to be explored.  

 

The focus of this study is to survey allele frequency differentiation among populations with 

divergent selection regimes based on ecologically relevant stressors. To this end, the above-

mentioned selection regimes were continued for a total of 65 generations, allowing us to 

follow the genomic signatures of adaptive evolution beyond the time of phenotyping and 

compare generation 45 (F45) to generation 65 (F65). First, we identified candidate variants, 

genes and larger pathways for the adaptive evolution of the five environmental stressors, 

extending what we know of the genetic architecture underlying adaptation to environmental 

stressors such as temperature. We then compare these candidates across the stressors to 

examine the patterns of parallel/correlated evolution among these complex traits, which is 

possible because of the common laboratory ancestor population. Finally, we increased our 

knowledge related to mechanisms of adaptive evolution, by investigating the presence of 

soft sweeps and shifts in the presence of transposable elements. 

 

Materials and Methods 

Overview of flies and experimental selection regimes 

The D. melanogaster lines used in this study originate from those first described and used in 

Bubliy and Loeschcke (Bubliy & Loeschcke 2005) and since used in other studies focusing 

on different levels of biological organization (Malmendal et al. 2013; Sorensen et al. 2007; 

Sorensen et al. 2017). Initially, a diverse mass-bred laboratory population of D. 

melanogaster was established and kept on standard oatmeal-sugar-yeast-agar Drosophila 

medium at 25 °C. Five selection regimes/groups and one control group were established 
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from the mass-bred population in generation F4, with each group consisting of five 

independent replicate lines (Fig. 1). The groups were unselected control (UC), Desiccation 

resistance (DS), Starvation resistance (SS), Cold-shock resistance (CS), Heat shock 

resistance (HS), and Heat knockdown resistance (KS). To avoid trans-generational effects 

influencing the experiment (Hercus & Hoffmann 2000; Watson & Hoffmann 1996), 

selection was performed every other generation to allow recovery in intermediate 

generations. In each generation of selection, the 50% with the highest stress tolerance was 

selected from 300 pairs. A sixth group selected for longevity was also established, but since 

it did not involve an ecological stressor, genomic variation in this group was investigated in 

a separate study (Michalak et al. 2017). The selection procedures are described in detail 

elsewhere (Bubliy & Loeschcke 2005; Malmendal et al. 2013), and the phenotypic data is 

highlighted by Figures 1 and 2 in Bubliy and Loeschcke 2005. 

 

Sample preparation, DNA extraction and sequencing 

Samples for sequencing were obtained from base population in F4 (5 replicates) and from 

each replicate line of the selection regimes in generations F45 and F65 (Fig. 1). Each 

sample consisted of 44 flies pooled by replicate population. The samples were frozen in 

ethanol (-80°C) in F4 corresponds to generation 0 of the selection regimes, and the first 

generation of selection, whereas F6 is the second generation of selection. At generation F45, 

the replicate population had been through 21 generations of selection and one subsequent 

generation without selection. At generation 65, the replicate populations had been through 

10 additional generations of selection, as well as one subsequent generation without 

selection. DNA was extracted using the CTAB method. TruSeq DNA libraries were 

prepared and sequenced on the HiSeq 4000 platform following Illumina’s protocols, and 

2x100 bp paired-end reads were generated. Each sample was assigned to a group according 
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to the selection regime and generation (e.g. SS45). The summary of sequencing can be 

found in Supporting Table S1.  

 

Mapping and genotyping 

The Drosophila melanogaster genome (dm3) and corresponding annotations (RefSeq) from 

UCSC (http://genome.ucsc.edu/) were used as reference for mapping. Quality-control and 

filtering of raw sequence reads were done using FastqMcf (Aronesty 2013). The remaining 

reads were mapped to the reference using BWA (Li & Durbin 2009) using default 

parameters. GATK (DePristo et al. 2011) with default parameters (except for using ‘--

sample_ploidy’ for pooled data and setting –heterozygosity to 0.01) was employed to 

generate genotypes in each sample. Genotypes with more than 2 alleles were discarded. 

Only sites with genotyping quality greater than 30, minimum depth 10, and maximum depth 

350 were used in the analysis.  

 

Sweep region detection and heterozygosity estimation 

Putative selective sweep regions were detected with Pool-hmm (Boitard et al. 2013), a 

hidden Markov model for finding selective sweep signatures from Pool-Seq data. The 

parameters used in Pool-hmm were “-n 88 -c 5 -C 400 -q 20 -e sanger -p -k 0.0000000001”, 

while “--theta” was set to be the θ estimated for each sample. Heterozygosity was estimated 

using a 100 kb sliding window with a step of 10 kb. 

 

Identification of transposable element insertions 

Transposable element (TE) insertions were identified by PoPoolation TE (Kofler et al. 

2012), and transposable element sequences were downloaded from FlyBase (transposon 

sequence v9.42, http://flybase.org/). To minimize the effect of different sequencing depths 
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on TE identification, we approximated equal physical coverage by using the same read 

coverage for each sample. A randomly selected subset of mapped reads from each sample 

was used in TE identification, each containing the same number of reads (111,728,172), 

corresponding to the sample with the lowest number of mapped reads (11A in Supporting 

Table S1). TE frequencies were compared between groups using average numbers per 

replicate within a group, as well as the total numbers of unique insertions across all five 

replicates per group.  

 

Polymorphic sites of interest 

We focused on polymorphic sites in which allele frequency changes in selection lines from 

the same selection regime were in the same direction, possibly reflecting convergent 

adaptations. For a certain selection regime, we required (Rule 1) the allele frequencies in 

control lines to remain the same across generations (i.e., the average allele frequency 

differences among lines of F4, F45, and F65 to be less than 10%). Then we required (Rule 2) 

the frequency change between selection lines F45 (relative to control lines) and the change 

between selection lines F65 (relative to selection lines F45) to be in the same direction, and 

(Rule 3) the changes to be greater than 10%. Specifically, Rule 3 requires allele frequencies 

to change in a consistent manner from F45 to F65 compared to F4, i.e., the average 

frequency of selection lines of F45 to be >10% higher (lower) than the maximum (minimum) 

average frequency of control lines through all generations, and the average frequency of 

selection lines of F65 to be greater (lower) than that of selection lines of F45. If conditions 

specified by Rules 1-3 are met, a unidirectional ‘change-in-frequency’ in a ‘polymorphic 

site of interest’ (PSI) is identified (Fig. 2). To identify PSIs, Rules 1-3 were applied to all 

polymorphic sites in each selection regime, and allele frequency changes in selection lines 

of F45 and F65 compared to control lines were added up. A total of 108,388 PSIs were 
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found. We also applied more stringent criteria to PSI’s based on neutrality tests using an R 

package poolSeq (Taus et al. 2017) and Cochran–Mantel–Haenszel (CMH) test. 

Synchronized files containing allele frequencies for all SNPs were generated with 

PoPoolation2 (Kofler et al. 2011) and effective population size (Ne) for each group was 

estimated using the function “estimateNe” from the poolSeq package based on 

synchronized files. The selection coefficient (s, Supporting Table S2) for each PSI and each 

group was estimated through “estimateSH” with parameter “Ne” set to the estimated Ne 

from the previous step (Supporting Table S3) and with parameter “N.ctraj” (the number of 

simulations performed for bias correction) set to 1,000, while the P-value was estimated by 

performing 1,000 simulations. The CMH test was performed as follows: First, forward 

simulations using mimicrEE (Kofler & Schlotterer 2014) were carried out to generate 

expected neutral changes during the experiment. For each simulation, a founder population 

with 1,967,223 SNPs from the Drosophila Genetic Reference Panel 2 (DGRP2) (Huang et 

al. 2014; Mackay et al. 2012) was used, while the number of simulated haplotypes was 

selected to correspond to the Ne estimation from the previous step (Supporting Table S3). 

We generated the simulation data for generations 45 and 65 with 5 replicates and similar 

sequencing coverage to our experimental data using a homogeneous coverage across the 

chromosomes. We repeated the simulation 10 times. CMH tests were performed by 

comparing allele frequencies in generations 45 and 65 with the frequencies in the founder 

population using the simulated data. The SNPs were grouped in five categories based on 

their starting minor allele frequencies: <10%, 10-20%, 20-30%, 30-40%, and 40-50%. We 

combined all P-values of the CMH test from the 10 simulations and then determined the P-

value corresponding to 1% FDR (i.e., 1% of the combined P-values) for each category. The 

CMH tests were performed in the same manner for each selection regime. A PSI was called 

a ‘rigorous PSI’ (rig-PSI) when the following conditions were met: (i) estimated selection 
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coefficient in the control group was less than 0.05 and (ii) greater than 0.05 in at least one 

selection regime with a significant P-value (<0.05), and (iii) passed the CMH test at 

empirical FDR of 1% or lower according to the starting minor allele frequencies from F4. 

Thus, a list of 108,388 PSIs was narrowed down to 3,317 rig-PSIs. 

 

Reconstruction of selected haplotype blocks 

The selected haplotype blocks for all PSIs were generated using R package (https://www.r-

project.org/) haploReconstruct (Franssen et al. 2017), with parameters set as follows: 

minimum frequency change (minfreqchange=0.2), minimum number of replicate 

(minrepl=2), maximum minor allele frequency (max.minor.freq=0.10), and window size 

(winsize=1Mb). Haplotype blocks with the number of markers less than five or density of 

marker less than 10 per Mb were filtered out. 

 

Principal component analysis (PCA) and GO functional enrichment 

We used smartpca with default parameters from EIGENSOFT (Price et al. 2006) to perform 

the PCA based on a covariance matrix. We included only PSIs in PCA, with the input 

genotype file prepared in EIGENSTRAT format, which uses 0, 1, and 2 to reflect the 

number of copy of reference allele for each sample at each location. To take the gene length 

into account, an unbiased analysis of gene set enrichment using GOWINDA (Kofler & 

Schlotterer 2012) was performed. The gene mode was used (--mode assumes that all SNPs 

within a gene are in linkage disequilibrium) with parameters of 1,000,000 for the simulation 

(--simulations), the minimum gene number in GO category of 2 (--min-genes) and all SNPs 

as the background (--snp-file). 
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Overlap of PSIs and differentially expressed proteins 

The selection lines investigated here also had expression levels of 811 proteins quantified in 

a previous investigation (Sørensen et al. 2017). The samples were obtained after two 

additional generations of selection and originated from the selection regimes CS, DS, HS 

and KS as well as UC: This is a unique opportunity to investigate if changes in protein 

expression due to selection can be associated with changes at the DNA-level. We 

approached this by testing if there was a significant overlap of the genes having a 

differential protein expression compared to UC and the genes having a nucleotide variant 

qualifying as rig-PSI’s. We considered proteins which passed an FDR< 0.05 and a log2 fold 

change > 0.15 to be significant. As an initial test of overlap between the two biological 

levels we disregarded information of position of PSI-rig in a given gene and instead tested 

for overlap between genes affiliated with at least one PSI-rig and a significant differential 

protein level. The background set of genes consisted of genes where a SNP was identified 

and tested, as well as where protein expression was quantified (n = 774). P-values where 

obtained by randomization (n = 10,000) followed by a one-tailed test of a higher observed 

overlap than expected. As this yielded a significant overlap in one selection regime, we 

analyzed different gene-affiliated regions separately, in order to understand if the overlap 

was driven by e.g. changes in the promoter region or an artefact of change in the protein 

sequence (CDS). In these analyses, only genes with an identified and tested SNP in the 

relevant region were included in the background set. 

 

Results  

SNP frequency changes in PSIs 

A total of 65 lines/samples (see Fig. 1 for overview of samples) were sequenced with an 

average depth of 137X (96X to 167X) and average mapping rate of 94% (Supporting Table 
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S1). The base population had a lower heterozygosity compared to populations of 

generations F45 and F65, but the difference was minor (Supporting Table S4), and there 

was no significant difference in heterozygosity between F45 and F65 in any comparison. 

We found a total of 1,967,223 polymorphic sites, with their highest density in putative 

promoter regions (100 bp upstream of 5’-UTR) and the lowest in the coding DNA 

sequences (CDS) (Table 1). After applying Rules 1-3 to find the polymorphic sites of 

interest (PSIs; see Materials and Methods), which showed allele frequency changes in the 

same direction among selection lines relative to control lines, 108,388 sites remained (Table 

1). The PCA for the PSIs show replicate lines under the same selection regime to cluster 

together, with HS and SS lines distinctively separated from the other selection regimes (Fig. 

3). The SS group produced on average ~3.7 times more PSIs than other selective regimes 

but HS produced PSIs with the most extreme values. Out of 6,721 PSIs with change-in-

frequency over 60%, 4,799 (71.4%) of them showed the highest change-in-frequency in the 

HS regime compared with only 523 (7.8%) of them in the SS regime. For the 336 most 

extreme PSI with change-in-frequency over 100%, as many as 333 (99.1%) of them 

exhibited the highest change-in-frequency in the HS regime, along with two in SS and one 

in CS.  

 

Of the 108,388 PSIs, the majority (84.9%) were found in only one selection regime, and 

15.1% were shared by at least two regimes (Supporting Fig. S1). Eight PSIs were shared by 

all five selection regimes, but none of them resulted in non-synonymous changes of amino 

acids. Six non-synonymous PSIs in four genes (CG42588, InR, Or98b, and CG12413) were 

shared by four selection regimes (Supporting Dataset S1). A total of 1,160 of PSIs (1.07%) 

were found in the promoter regions, which resulted in the highest density of PSIs (1.12/kb) 

across all genomic features, potentially underscoring the significance of regulatory changes 
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in response to the selective regimes (Table 1). The overlap between selective regimes in 

promoter regions affected by PSIs was low (Supporting Fig. S1), with only one PSI in the 

putative promoter of klg (chr3R:18724961, C>A) being shared by four regimes (CS, DS, 

HS, and SS). The gene klg encodes Klingon, a cell adhesion molecule affecting memory, 

behavior, and cell differentiation (Butler et al. 1997; Dubnau et al. 2003; Matsuno et al. 

2009). GO enrichment analyses of PSI-affected promoters revealed only two terms 

significant at FDR < 0.05: peptidyl-serine phosphorylation (DS) and metabolic pathways 

(HS) (Supporting Table S5). These two terms overlap with the enriched proteins in a 

previous proteomic analysis of the same lines where protein serine/threonine phosphatase 

activity was one of ten significant DS terms, and carbohydrate metabolic process was one of 

11 significant HS terms. 

 

SNP frequency changes in rig-PSIs 

Under more stringent filtering criteria, a total of 3,317 rig-PSIs were found, and 1,918 

(57.82%) were found in HS, while only 115 (3.47%) were found in DS (Figures 4 and 5 and 

Supporting Fig. S2). Only 12 rig-PSIs (see Materials and Methods) were shared by three 

selection regimes, and 172 were shared by two regimes (Supporting Dataset S2). We also 

screened for rig-PSIs at the gene level in each regime and found 169 genes containing rig-

PSIs shared by at least two regimes (Supporting Table S6), and 21 of them were shared by 

three regimes, including genes such as C3G (DS, KS, and SS), caps (CS, HS, and KS), Calx 

(CS, KS, and SS), ush (CS, HS, and SS), mod(mdg4) (CS, KS, and SS), seq (DS, KS, and 

SS), and SNF4Agamma (CS, KS, and SS), a gene previously reported to be involved in 

behavioral and cellular responses to starvation (Johnson et al. 2010). There were no genes 

with rig-PSIs shared by four or more regimes. Numbers of rig-PSIs among selection 

regimes are likely confounded by the presence of linkage blocks containing multiple rig-
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PSIs. Indeed, based on the haplotype reconstruction, we identified 314 haplotype blocks 

under selection, with the highest number of blocks (104) found in SS and the lowest (40) in 

DS (Supporting Table S7). Of the 314 blocks, 88 of them contained more than one rig-PSI 

with density over 1 per Mb (Fig. 5 and Supporting Table S7), such as a ~4.5Mb 2L arm 

region (chr2L:15830143-20468342) and a ~1.1Mb 3R arm region (chr3R:24096490-

25191891) in HS, as well as a ~0.4Mb X chromosome region (chrX:12160111-12593045) 

in CS and a ~0.6Mb 3L arm region in KS (chr3L: 7775940-8362982). Only 32.2% of 

identified haplotype blocks (by length) were shared between HS and KS, compared to 54.8% 

between HS and SS, and 67.7% between KS and SS (Supporting Table S7). The haplotype 

block with a peak cluster of rig-PSIs along 2L arm region (chr2L:15830143-20468342) in 

HS was not found in KS, but was partly shared with SS. However, another block with a 

peak cluster of rig-PSIs along 3R arm found in HS was also in part shared by KS 

(chr3R:24137576-24311581). Despite the fact that both HS and KS involve heat stress, 

important differences between the two regimes do exist. For example, the HS lines had gone 

through a hardening (pre-treatment) process, while the KS lines did not (Bubliy & 

Loeschcke 2005). The hardening procedure itself may cause a distinct response (Hangartner 

& Hoffmann 2016; McColl et al. 1996) and thus potentially explain why we found little 

overlap between HS and KS. 

For the 164 non-synonymous rig-PSIs, 82 were found in HS, while seven found in DS 

(Supporting Dataset S2). Interestingly, the top 50 most significant frequency changes non-

synonymous rig-PSIs included 46 from HS, two from KS, one from CS, and one from DS. 

Only nine were shared in more than one regime, including one shared by three regimes (CS, 

HS, KS) resulting in an amino acid change within CG42588 (chr3L:12810454; C>A). One 

non-synonymous rig-PSI from mthl7 (chr3L:8173506; T>A), a gene associated with stress 

(starvation) response and determination of adult lifespan (Lin et al. 1998), was found in SS 
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and KS. Other non-synonymous rig-PSIs in genes such as C3G, seq, Plc21C, and Kdm4B 

were found in two regimes (Supporting Dataset S2). An enrichment analysis of all non-

synonymous rig-PSIs showed such enriched GO terms as galactosyltransferase activity and 

cofactor biosynthetic process (Supporting Table S8). When the analysis was expanded to all 

3,812 non-synonymous PSIs, the 5% (191) most significant frequency changes had a 

minimum change-in-frequency of 63%, and similar to what we found in rig-PSIs, 141 

(73.8%) of them showed the highest change-in-frequency in the HS regime, which may 

indicate a rapid response to heat shock stress. The five PSIs with the change-in-frequency 

over 100% in five genes (qua, CG31029, grp, Ppn, and CG34295) were all found in HS 

(Supporting Dataset S1). The 191 PSIs clustered in such genes as Ppn, tam, intr, Apc, and 

CG34295 (Supporting Fig. S3). The most significant GO term enrichment (FDR < 5%) for 

those PSIs was galactosyltransferase activity (Supporting Table S9).  

 

Divergence in direction of change 

The change-in-frequency of PSIs may show different directions in different selection 

regimes i.e., it may show increase of frequency in one regime and decrease of frequency in 

another. Only four rig-PSIs did show divergent direction changes. Three of them were in 

introns of Ac13E (chrX:15441117; A>T, between DS and SS), Hmgcr (chr3R:19564626; 

C>G, between CS and SS), and CG31145 (chr3R:19482387; A>G, between CS and SS), 

and one located in intergenic region (chrX:15163514; A>T, between DS and SS). For all 

PSIs, 1,041 of them showed divergent direction changes in frequency in at least two 

regimes, and 26 of them were located in coding regions producing non-synonymous 

changes (Supporting Dataset S3). Seven of them were found to have divergent directions 

between SS and HS and six were found to have divergent directions between SS and KS. 

The low prevalence of divergent direction changes in both PSI and rig-PSI, may potentially 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

arise if the variants responding to selection had a low initial frequency in the founder 

population, such that only one direction of change allowed passing the PSI filtering process. 

However, the initial frequency distribution of PSIs (and rig-PSIs) was qualitatively similar 

to that of the PSIs (and rig-PSIs) shared among regimes, and no bias was observed in the 

distribution of the starting frequency of PSIs, showing that a low initial frequency was not 

the cause of relatively low prevalence of divergent direction (Supporting Fig. S4).  

 

Allelic fixations 

To examine if the selection pressures could result in allelic fixation, we looked for rig-PSIs 

and PSIs with fixed homozygous genotypes in the selection regimes of generation 65, being 

heterozygous genotypes (minor allele frequency greater than 10%) in all control lines. We 

found 63 such rig-PSIs: 3 of them were non-synonymous changes in genes CG3280, 

CG33203, and CG11581 (Supporting Dataset S4 and Supporting Table S10). A total of 

6,148 PSI fixations were observed, 217 (3.53%) of which were non-synonymous 

(Supporting Table S10). To test whether fixation occurs more likely within selective sweep 

regions, we compared the percentage of fixed PSIs in the sweep regions of generation 65 

identified via Pool-hmm (Boitard et al. 2013) with the percentage of all PSIs in the same 

sweep regions. More than half of those fixations (3,196 out of 6,148 or 52%) were found in 

selective sweep regions of the selection regimes, significantly higher when comparing to the 

percentage of all other PSIs in the same sweep regions, which is 42% (43,115 out of 

102,240, Fisher Exact Test P<2e-16). Of the 217 PSIs, two of them were shared by four 

selection regimes: chr2R:6184201 of gene CAP (fixation of A in CS, HS, KS, and SS) and 

chr3R: 24659889 of gene Apc (CS, DS, HS, and SS), thirteen of the fixations were found in 

three selection regimes (Supporting Dataset S5), and 122 (56%) of them were in sweep 
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regions. GO terms and pathways such as response to iron-sulfur cluster assembly were 

found to be enriched among the PSIs fixed in sweep regions (Supporting Table S11).   

 

Overlap of PSI’s and differentially expressed proteins 

At the gene level, only the CS regime showed a significant overlap (five genes) between 

genes with differentially expressed proteins and genes with identified PSI-rig (Supporting 

Table S12). When we considered rig-PSIs in each gene region separately, the significant 

overlap in the CS regime was driven by rig-PSIs in intron regions producing an overlap of 

four out of the five genes (Supporting Table S13). Correlating the protein levels of the four 

genes (Scsalpha, Lasp, Flo2, and Elp2) with the rig-PSI frequencies did not result in a 

significant relationship (Fig. 5 and Supporting Fig. S5). 

 

Heat-shock response genes 

The previous analyses of transcriptome and proteome in this experimental adaptive 

radiation system emphasized the role of heat-shock protein genes in divergence between 

selected and non-selected control lines (Sorensen et al. 2007; Sorensen et al. 2017). We 

thus specifically looked into SNP/PSI patterns in heat-shock response-related genes (heat-

shock co-chaperones and cognates) and found 54 PSIs but no rig-PSI in 14 such genes 

(Supporting Dataset S6). Nearly half of them (26) were in CDSs and 10 were in UTR 

regions. Four PSIs from four genes (Hsp26, Hsp60B, Hsp70Bbb, and Hsc70-1) resulted in 

non-synonymous changes. Of the 4 non-synonymous PSIs, chr2L:729149 (C>A, Hsp60B) 

and chr3L:13967849 (C>T, Hsc70-1) were found in CS and SS, chr3L:9369713 (T>G, 

Hsp26) was identified in HS, and chr3R:8329034 (G>C, Hsp70Bbb) was located in SS 

(Supporting Dataset S6). Yet another PSI was located in the 3-UTR of Hsp22 (chr3L: 
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9367885, A>G) and found in four selection regimes (CS, DS, HS, and SS). None of the 

PSIs in those heat-shock response genes were shared by regimes that involved high 

temperature stress, namely HS and KS. In fact, most of the 54 PSIs were found in SS 

regime (37 PSIs), followed by 11 in CS and 10 in HS.  

 

Transposable elements profiling  

The overall number of transposable elements (TEs) decreased over time in both selection 

and control lines. The average number of TE across lines of generation 4 was 8,620, while 

the numbers for lines of generation 45 and generation 65 were 7135 and 6753, respectively 

(Fig. 6A). The pattern held across major TE families (Fig. 6B-E). When we compared the 

numbers of TE insertions per replicate in generations 45 or 65 between selection and control 

groups, on average significantly more TEs were found in DS45 compared to UC45, and 

significantly less TEs were found in HS65 compared to UC65 (Fig. 6A). However, when 

we used the total numbers of unique TE insertions per group, the degree of decrease in the 

number of TE over generations was minor (Supporting Table S14), suggesting that the TE 

loss was largely random with respect to the insertion position. Even though more TEs were 

found in generation 4, and generation 45 tended to have more TEs than generation 65, the 

differences between generations 45 and 65 were small and less consistent (Supporting Table 

S14). Interestingly, we found that the TE number differences among generations and 

selective regimes were very low in CDSs compared with other genomic regions (Fig. 6F). 

The average percentage decrease of TE numbers between generation 45 and generation 65 

was 1.07% and 4.42% for TEs in the CDS region and in all other regions, respectively (P-

value=0.00077, Wilcoxon rank sum test). There was no significant difference (P-

value=0.5412, Wilcoxon rank sum test) between TE frequencies in the CDS region and 
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those in non-CDS regions in the founding population (UC4), suggesting that the difference 

in TE frequencies between later generations is unlikely to be explained by sampling alone. 

 

Discussion 

Previous research has shown that the experimental adaptive radiation system of D. 

melanogaster has indeed diverged under distinct selective regimes, producing superior 

phenotypes in the selected traits, with predominantly positive correlated responses among 

traits (Bubliy & Loeschcke 2005) and accompanied by significant alterations in 

transcriptomes (Sorensen et al. 2007) and proteomes (Sorensen et al. 2017). In this study, 

we explore how these changes are reflected at the genome-wide level of DNA sequence 

variation. Despite the fact that the biological replicate lines showed a certain degree of 

variability (Fig. 3), the selective regimes produced very distinct patterns of genomic 

signatures, permitting unequivocal separation of the groups based on SNP profiles alone.  

 

Similar to transcriptome and proteome results (Sorensen et al. 2007; Sorensen et al. 2017), 

HS exhibited the most extreme response consistent with the operation of directional 

selection at the sequence level, and thereby contain important data and candidate loci for 

ongoing climate change research on thermal adaptation of ectotherms (Araujo et al. 2013; 

Garcia-Robledo et al. 2016; Hoffmann & Sgro 2011; Kellermann et al. 2012). Another 

selective regime that quantitatively stood out was SS, well separated by SNP PCA1 and 

enriched in polymorphic sites with allele frequency dynamics consistent with adaptive 

evolution (PSIs). SS lines had nearly three times as many PSIs as HS lines, but the 

magnitude of allelic changes was much higher in the latter, and hundreds of the most 

extreme PSI values were predominantly produced in HS. One might speculate that this 

difference was related to more extensive pleiotropic interactions and fitness trade-offs 
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involved in responses to starvation compared with heat shock, assuming all else being 

equal. Alternatively, this difference may result from different heritability values of 

heritability for the two traits, or different distributions of effect sizes of the allelic variants.  

 

Unlike previous studies that implied only few genes associated with resistance to cold 

((Misener et al. 2001; Qin et al. 2005; Telonis-Scott et al. 2009) but see (Sorensen et al. 

2017)), we found a rich and distinct pattern of SNP variation characterizing CS. A recent 

study on experimental evolution in hot and cold environments (Tobler et al. 2014) found 

candidate SNPs enriched within 42 heat tolerance genes and six cold tolerance gene. Using 

the same method, we found that HS PSIs were significantly enriched in 49 heat tolerance 

genes and CS PSIs were significantly enriched in four cold tolerance genes (Supporting Table 

S15). However, only six heat tolerance genes and no cold tolerance gene were shared 

between this study and Tobler et al. (2014). DS clustered most closely with unselected 

control lines (UC) and had the lowest number of PSIs, suggesting that desiccation exerted the 

weakest effects on genomic differentiation relative to other selective regimes. This result 

seems to be at odds with another ‘evolve-and-resequence’ experiment in which D. 

melanogaster were selected for increased desiccation resistance for 48 generations and 

showed extensive hallmark signatures of adaptive evolution (Kang et al. 2016). However, a 

major difference between these experiments lay in the intensity of selection, as the 15-30% 

most resistant flies were selected every generation in Kang et al. (2016), while in this study 

50% most resistant flies were selected every other generation. Nevertheless, of the 13,404 

PSIs found in DS in this study, 1,373 (10.2%) were identified as fixed in all desiccation lines 

but heterozygous in all control lines in (Kang et al. 2016), of which 50 caused non-

synonymous changes (Supporting Dataset S7). A similar study of selection for desiccation 

resistance showed a low overlap (0.5% to 41.5%) of candidate SNPs among replicates 
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(Griffin et al. 2017). We found only 37 PSIs (Supporting Dataset S8) considered candidate 

SNPs in any of the Griffin et al.’s (2017) replicates, suggesting largely alternative selection 

responses at the SNP level between the experiments. Griffin et al. (2017) selected the top 

10% of flies and therefore likely enforced an even stronger selection intensity than our study 

and Kang et al. (2016), but for only 13 generations of selection, compared to the 21-31 of this 

study and 48 generations of Kang et al. (2016). Long-distance linkage disequilibrium can 

arise early in experimental evolution studies due to low frequency variants (or haplotype 

blocks) under selection, which will influence the list of candidate SNPs due to hitchhiking 

effects (Franssen et al. 2015). These haplotype blocks will however break up across 

generations and ease the identification of causative variants (Kofler & Schlotterer 2014). It 

therefore seems likely that one major cause of the differences among the three studies is that 

each study describes a different time point in the process of evolutionary adaptation. Several 

other factors will also contribute to differences in the evolutionary path across studies, 

including genetic background, the acclimation environment experienced prior to artificial 

selection, the environment experienced after artificial selection, where successful 

reproduction and survival of offspring is crucial and finally the presence of simultaneous 

adaptation to the laboratory environment (Harshman & Hoffmann 2000). 

 

Recent genome-wide analyses of variation in D. melanogaster have identified some genes 

within major chromosomal inversions as candidates for having undergone recent adaptive 

changes (Bergland et al. 2014; Kolaczkowski et al. 2011). However, we found very low 

frequencies (0-1%) of the major inversions in our data based on a set of 473 inversion-

specific diagnostic SNP markers (Kapun et al. 2014). The observed high density of PSIs in 

promoter regions likely contributes to cis-regulatory changes, consistent with the previously 

described alterations in transcriptomes and proteomes (Sorensen et al. 2007; Sorensen et al. 
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2017). Interestingly, the selection regimes (except KD and partly HS) led to significant gene 

down-regulation at the transcriptome level (Sorensen et al. 2007). A wide range of genes 

seem to be affected by SNP variation in promoter sequences, scattered among diverse 

functional groups related to metabolism and innate immunity. Heat shock protein genes 

encoding molecular chaperons, likely candidates for gene products related to stress resistance 

(Sorensen et al. 2003), have been found among differentially expressed genes (Sorensen et al. 

2017). Even though we did not find differential polymorphisms in their promoter sequences, 

we identified dozens of SNPs likely responding to selection in other parts of Hsp and Hsc 

genes, including coding sequences. Some of the PSIs were shared by as many as four 

selective regimes (Hsp22). Shared genetic and physiological mechanisms across distinct 

environmental stressors may result in mechanistic trade-offs constraining adaptive evolution 

(Hoffmann 2014). Traditionally, life history theory assumes that genetic trade-offs arise from 

pleiotropy (Reznick et al. 2000), when a gene affects two or more traits. However, more 

complex genomic architectures involving epistasis have also been postulated to underlie 

trade-offs (Roff & Fairbairn 2007). We report that only 15.1% (16,367), of all PSIs were 

shared by at least two selective regimes of which only 6.4% had divergent allelic trajectories 

between regimes, suggesting that pleiotropic constraints are rare and unlikely to be a major 

factor limiting the adaptive potential to cope with environmental stress. A notable example of 

allelic frequency changes driven in opposite directions between HS and CS was provided by 

a non-synonymous substitution in CCHa1-R, a gene encoding a neuropeptide receptor.   

 

Quantification of 811 proteins in a large subset of the selection lines investigated here, found 

575 of these to be significantly up or down-regulated in at least one of the selection regimes 

(Sørensen et al. 2017). When we compared the genes encoding these proteins with the genes 

carrying rig-PSIs, we did not observe a significant overlap, with the exception of the CS 
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regime where introns in several differentially regulated genes carried rig-PSIs. For none of 

these rig-PSIs could the estimated variant frequency be directly linked to protein abundance. 

However, regulation of these genes is unlikely to be purely cis-acting and interactions 

between different cis-acting variants and with trans-acting variants will also affect final 

transcript abundance (Huang et al. 2015). This makes it challenging to estimate the 

contribution of the identified rig-PSIs to regulation of transcription, and the final protein 

abundance, which is also sensitive to protein degradation regulation and the post-

transcriptional machinery (de Sousa Abreu et al. 2009; Vogel & Marcotte 2012). 

Nevertheless, we found 30 rig-PSIs that were also identified as eQTL in (Huang et al. 2015), 

including five that cause non-synonymous changes in three genes: CG14506, CG31898, and 

CG33346 (Supporting Dataset S9).  

 

Transposable elements are increasingly being recognized as agents of adaptive change and a 

rich source of evolutionary novelties (Aminetzach et al. 2005; Ashburner et al. 2005; 

Brookfield 2005; Brosius 2003; Joly-Lopez et al. 2012; Sinzelle et al. 2009). 

‘Domesticated’ TEs can be redeployed to function as transcription factors, as well as to play 

various roles in heterochromatin formation, genome stability, centromere binding, 

chromosome segregation, meiotic recombination, TE silencing, programmed genome 

rearrangement, V(D)J recombination, and translational regulation (Feschotte 2008; Sinzelle 

et al. 2009). Transposition into a functional genomic region typically has deleterious effects 

due to direct disruptions, chromosomal rearrangements caused by ectopic recombination, 

and epigenetic modifications (Hollister & Gaut 2009; Montgomery et al. 1987; Nuzhdin 

1999; Petrov et al. 2003), but can also be beneficial and associated with selective sweeps 

(Schlenke & Begun 2004). We observed TE frequencies to decrease in later generations, but 

since unselected control lines were also affected we conclude that these changes were 
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largely due to random drift. This decrease in TE frequency between generations was 

significantly slower in CDSs, which is counterintuitive given that purifying selection should 

be more effective in coding sequences, unless these insertions are actually beneficial, for 

example by modulating RNA abundance and alternative splicing (Kelley et al. 2014). 

 

Conclusion 

Although there is ample evidence of adaptive radiation in plants and animals, the genetic 

basis of adaptive changes even in response to basic abiotic stressors remains poorly 

understood to date. We examined a large-scale experimental system of Drosophila 

melanogaster evolving under distinctive abiotic selective regimes and found that SNPs 

whose allelic changes were consistent with adaptive divergence produced regime-unique 

SNP profiles, thus permitting unambiguous separation of environmental stressors. Unlike 

transcriptome and proteome data, genomic signatures suggested a low level of “common 

response” among the selection regimes, even for temperature-dependent regimes, and 

equally important there was a low frequency of divergent selection between regimes. This 

result is likely due to the pre-existing patterns of genetic variation in the initial population, 

as well as particulars of each selection regime. This study also highlights challenges related 

to the identification of true targets of selection in experimental evolution studies in which 

controlling the linkage disequilibrium (LD) landscape of founder populations is technically 

impractical, and haplotype blocks can be reconstructed only partially (Franssen et al. 2017). 

It is imperative that future studies aim at better control of LD or at least its minimization at 

the experimental design level. Our experimental setup is expected to have reduced LD, and 

thus increased the true discovery rate of selection targets, due to larger population sizes, 

multiple replicates (six experimental blocks replicated five times each), and alternating 

generations with and without selection (Kessner & Novembre 2015). 
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List of abbreviations 

CDS: coding sequence; CS: Cold-shock resistance selection; DS: Desiccation resistance 

selection; GO: Gene Ontology; HS Heat shock resistance selection; KS: Heat knock down 

resistance selection; PCA: principal component analysis; PSI: polymorphic site of interest; 

rig-PSI: ‘rigorous’ polymorphic site of interest; SNP: single nucleotide polymorphism; SS: 

Starvation resistance selection; TE: transposable element; UC: unselected control; UTR: 

untranslated region 
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 Figure Legends: 

 

Fig. 1. Schematic presentation of the experimental design. The process of sample 

divergence and sampling for pool sequencing is presented as a phylogenetic tree. Four 

generations after establishing a mass-bred population, 30 replicate populations were 

established and split into five selection regimes and one control group. Selection in the 

selection regimes was performed every other generation to allow recovery in intermediate 

generations. Samples for pool sequencing was obtained from the mass-bred population in 

generation 4, and from the selected and control replicate populations in generation 45 and 

65. 

 

Fig. 2. Schematic of a polymorphic site of interest (PSI) undergoing changes consistent 

with directional selection operating in selection regimes. Each dot represents a single 

biological replicate. The average allele frequencies within groups are marked by 

horizontal lines. Rule 1: In control groups, average allele frequency (AF) differences 

among lines of F4, F45, and F65 are less than 10%; Rule 2: The frequency changes 

between selection lines F45 relative to control lines (in this case, F4 that has the maximum 

AF) and the change between selection lines F65 relative to selection lines F45 are in the 

same direction (increasing in this case); Rule 3: The AF change between selection lines 

F45 relative to control lines (F4) is greater than 10%. 

 

Fig. 3. Principal Component Analysis Plot based on all Polymorphic Sites of Interest 

(PSIs): (A) PC1 vs PC2 and (B) PC3 vs PC4. Arrows indicate the directions of change in 

generation 65 (closed symbols) compared to generation 45 (open symbols). Groups were 

unselected control (UC), Desiccation resistance (DS), Starvation resistance (SS), Cold-

shock resistance (CS), Heat shock resistance (HS), and Heat knock down resistance (KS). 

 

Fig. 4. Venn plots of rig-PSIs shared among selection regimes for (A) all rig-PSIs, and (B) 

non-synonymous rig-PSIs. Groups were unselected control (UC), Desiccation resistance 

(DS), Starvation resistance (SS), Cold-shock resistance (CS), Heat shock resistance (HS), 

and Heat knock down resistance (KS). 
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Fig. 5. Manhattan plots showing all chromosomes, PSIs (grey) and rig-PSIs (colored) with 

P-values of the CMH test on the y axis for all selection regimes. Horizontal colored blocks 

indicate haplotype block regions under selection, and the blocks containing two or more 

rig-PSIs have thick edges highlighted in contrasting colors. Horizontal dash line indicates 

the FDR 0.01 threshold. For clarity, only one out of the five cutoffs is shown (we used 

different P-value cutoffs for different subsets of SNPs based on their starting minor allele 

frequencies, with this FDR 0.01 threshold corresponding to the category `<10%` that was 

based on 56% simulated SNPs falling into that category; see Materials and Methods for 

details). Four genes (Elp2, Scsalpha, Lasp, and Flo2) showed a significant overlap 

between rig-PSI variant frequency and the protein expression in the CS regime.  

 

Fig. 6. Box plots comparing transposable element (TEs) numbers among groups and 

generations (color orange for F45 and color blue for F65), according to (A) All TEs, 

different TE orders (B) LTR, (C) non-LTR, (D) TIR, and (E) All other TE orders, or (F) 

TEs in coding sequences. Groups were unselected control (UC), Desiccation resistance 

(DS), Starvation resistance (SS), Cold-shock resistance (CS), Heat shock resistance (HS), 

and Heat knock down resistance (KS). 
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Tables: 

 

Table 1: Genomic distribution of all polymorphic sites and polymorphic sites of interest (PSIs) 

 

 

Region 
Number of 

sites 
Percentage 

Density (per 

kb) 
PSIs PSI percentage PSI density (per kb) 

3'-UTR 84,297 4.29% 12.75 4,573 0.23% 0.69 

5'-UTR 52,504 2.67% 13.08 2,744 0.14% 0.68 

CDS (Synonymous) 190,784 9.70% 

11.69 

11,801 0.60% 

0.69 CDS (Non-

Synonymous) 
74,555 3.79% 3,812 0.19% 

Non-coding RNA 17,930 0.91% 16.01 1,011 0.05% 0.90 

Intergenic 595,074 30.25% 18.13 32,954 1.68% 1.00 

Intron 932,852 47.42% 17.91 50,333 2.56% 0.97 

Promoter* 19,227 0.98% 18.58 1,160 0.06% 1.12 

Total 1,967,223 100.00% 16.34 108,388 5.51% 0.90 

 

*: Promoter is defined as the 100bp region upstream of 5'-UTR 
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