
Supplementary Material and Methods

Experimental populations

We established 202 isofemale lines from a D. simulans population collected 2010 (November)
in Florida (Tallahassee) and maintained them in the lab for 6-7 generations at 18◦C. To set up
base populations (Spring 2011) we mixed 5 mated females from each isofemale line (N=1010)
and let them lay eggs twice, for 24h each. These two sets of progeny were used to establish
the hot and cold evolving populations (see below). We repeated this procedure (mixing 5
females from each isofemale line, let them lay eggs twice) to generate 10 replicates, of hot as
well as cold evolving populations (H1, H2,..., H10; C1, C2,..., C10). Note that this procedure
generates pairs of populations having exactly the same base populations (H1 and C1, H2
and C2,..., H10 and C10).

We kept each replicate at a census population size of about 1000 in 5 bottles (6 oz)
containing 50 mL standard Drosophila medium. To establish a new generation we collected
all adults approximately 3 days after eclosion, mixed them, distributed 1000 randomly picked
flies equally to 5 new bottles and allowed them to lay eggs for 48h. After egg laying the adults
were either discarded or used to monitor the status of the invasion (e.g.: Pool-seq, RNA-seq,
small RNA sequencing, hybrid dysgenesis; see below). To mimic the natural day-night cycle
of Drosophila the temperature cycled between two fixed temperatures and illuminations
every 12h. At hot conditions the temperature cycled between 18◦C and 28◦C and at cold
conditions between 10◦C and 20◦C. Superimposed with the cycling of the temperature, the
illumination alternated between light and dark, where the light condition overlapped with
the high temperature phase and the dark condition with the low temperature phase.

Genome sequencing

To monitor the abundance of the P-element in the evolving populations we sequenced the
populations each 10 generations as pools [Pool-seq; (Schlötterer et al., 2014)]. We extracted
genomic DNA from flies aged 6-8 days using a high salt extraction protocol (Miller et al.,
1988) and sheared the DNA with a Covaris S2 device (Covaris, Inc. Woburn, MA, USA).
Paired-end libraries were prepared using the TruSeq DNA PCR-Free protocol (Illumina,
San Diego, CA). We sequenced the samples using the Illumina paired-end technology and
trimmed all reads to a length of 100bp (to avoid biases). For an overview of the sequenced
samples see supplementary table 1.

Estimating TE abundance using Pool-seq data

We estimated the TE abundance in the Pool-seq libraries with PoPoolationTE2 (v1.10.04)
(Kofler et al., 2016) which requires a reference genome, consensus sequences of TE fami-
lies and a TE hierarchy. As reference genome we used the sequence of strain strain M252
(Palmieri et al., 2015) (GenBank ID JMCE00000000; we included the sequences of Lac-
tobacillus brevis, Acetobacter pasteurianus and two Wolbachia strains; GenBank accession



Supplementary Table 1: Overview of the Pool-seq data used for estimating the status of the
P-element invasion; We show the IDs of the used lanes, the read length (rl.), the insert size
(is.) and the number of sequenced paired end reads (in millions) for each replicate. Reads
of samples 185a,b,c and 238a were trimmed to a length of 100bp. ts-r1: time series for hot
replicate 1

replicate
sample lane IDs Sequencer rl. is. 1 3 5
base 126a,b,c,d,e HiSeq 2000 100 300 73.5 105.8 122.1
hot10 127a,b HiSeq 2000 100 380 34.1 27.0 44.7
hot20 128a,b,c,d HiSeq 2000 100 330 88.0 85.0 79.0
hot30 129b,c,d HiSeq 2000 100 330 40.8 36.5 22.2
hot40 130b,c,d HiSeq 2000 100 330 59.0 75.9 50.4
hot50 131b,c HiSeq 2000 100 330 29.3 30.0 36.5
hot60 140b,c HiSeq 2000 100 380 48.6 27.9 31.6
cold10 132b,c HiSeq 2000 100 330 34.7 40.6 34.2
cold20 133b,c HiSeq 2000 100 340 42.7 25.0 24.4
cold30 134b,c HiSeq 2000 100 340 29.2 32.7 33.1
cold40 185a,b,c HiSeq 2500 120 (100) 530 19.4 46.9 21.7
ts-r1 238a HiSeq 2500 125 (100) 530 224.1 - -

numbers CP000416.1, AP011170.1, AE017196.1, CP001391.1) and obtained a set of consen-
sus TE sequences from FlyBase (http://flybase.org; transposon sequence set.embl; v9.42;
(Quesneville et al., 2005)). We obtained the TE hierarchy from the database of consensus
TE sequences and annotated TEs in the reference genome as described before (Kofler et al.,
2015b).

We extracted the sequences of annotated TE insertions from the reference genome into
a distinct file and subsequently masked these TE sequences in the reference genome using
the character N. Next we concatenated the fasta records of (i) the consensus sequences
of TE insertions, (ii) the TE sequences extracted from the reference genome and (iii) the
repeat masked reference genome into a single file (the TE-merged-reference). We mapped
all reads to the TE-merged-reference using bwa bwasw (v0.7.5a) (Li and Durbin, 2010) and
restored paired-end information using PoPoolationTE [samro.pl ; (Kofler et al., 2012)]. Basic
mapping statistics, including the fraction of reads mapping to each TE family (in rpm; reads
per million), were computed with PoPoolationTE2 [stat-reads (Kofler et al., 2016)] and
samtools (v.1.2) (Li et al., 2009). Using PoPoolationTE2 [v1.10.04 (Kofler et al., 2016)] we
generated a ppileup (physical pileup) file (ppileup –map-qual 15), subsampled the ppileup
to a uniform coverage of 15 (subsamplePpileup –target-coverage 15), identified signatures of
TE insertions (identifySignatures –mode separate, –min-count 1, –signature-window fix100),
identified the strand of TE signatures (updatestrand –map-qual 15, –max-disagreement 0.4),
estimated the population frequencies of TE signatures (frequency), filtered TE signatures



(filterSignatures –min-coverage 10, –max-otherte-count 2) and finally paired TE signatures
to obtain a list of all identified TE insertions (pairupSignatures –min-distance -200 –max-
distance 300).

The average number of P-element insertions per diploid genome was estimated using the
equation: counts = 2 ∗ rpm ∗ G/L where rpm is the fraction of reads mapping to the P-
element (in reads per million), 2 ∗G the diploid genome size of D. simulans in Mb [2 ∗ 162;
Bosco et al. (2007)] and L the length of the P-element [2907; O’Hare and Rubin (1983)].

The enrichment of P-element insertions in origin recognition complex (ORC) binding
sites was computed as described before (Kofler et al., 2015a). Briefly we obtained ORC posi-
tions for D. melanogaster from http://flypush.imgen.bcm.tmc.edu/pscreen/downloads.html
(Spradling et al., 2011), merged overlapping ORCs (bedtools merge v2.26.0; Quinlan and
Hall (2010)), extracted the ORC sequences from the reference genome of D. melanogaster
(bedtools getfasta v2.26.0; D. melanogaster v5.53), mapped these sequences to the D. sim-
ulans reference genome with bwa bwasw (v0.7.15; Li and Durbin (2010)), filtered for a
minimum length of 100bp, merged overlapping ORCs (bedtools merge, v2.26.0) and identi-
fied P-element insertions overlapping with an ORC (bedtools intersect; v2.26.0). To identify
the fraction of P-elements inserted in another TE we obtained all paired ends reads where
the first read maps to the P-element and the second read does not map to the P-element.
Finally we estimated the fraction of fragments with the second read mapping to another TE
(not the P-element). We performed this analysis for all reads from hot and cold conditions
separately.

Estimating the abundance of P-elements with internal deletions

The break points of internally deleted P-elements may be identified by mapping reads with an
algorithm that allows for large indels [see for example Kofler et al. (2015a)]. We first filtered
for reads mapping to the P-element with samtools [v.1.2;(Li et al., 2009)], converted the
mapped reads to a fastq file (sam2fastq.py) and realigned the reads to the P-element using
gsnap [v2014-10-22; –novelsplicing=1; gsnap is designed for RNA-seq data and thus allows
for large indels resulting from spliced introns (Wu and Nacu, 2010)]. Finally we estimated
the frequency of internal deletions as the ratio of the number of reads supporting a given
deletion to the average coverage of the P-element, with deleted regions contributing to the
coverage (trunc-freq-from-bam.py). Note that this approach does not allow to estimate the
genomic position of internally deleted P-elements.

To generate ”fitness landscapes” of internally deleted P-elements we computed for each
site of the P-element the average frequency of all internal deletions spanning the given site.
For hot evolved populations we used the frequency at generation 60 and for cold evolved flies
the frequency at generation 40. For internal deletions occurring in more than one replicate
the largest frequency was used (the fitness landscape is computed across replicates). Fitness
landscapes were computed with a custom script (generate-siteenrichment-avfreq.py)

To obtain unbiased estimates of the abundance of internally deleted P-elements in hot
and cold evolved populations we subsampled reads mapped to the P-element with gsnap



(see above) to a final coverage of 52 (with internal deletions contributing to the coverage).
We repeated this procedure 100 times for each sample and estimated the mean number of
identified internal deletions and the standard deviation.

Sashimi plots providing an overview of the position and abundance of internally deleted
P-elements were generated as described previously (Kofler et al., 2015a).

Polymorphism of the P-element

We generated a mpileup-file [samtools v1.2; -B -Q 0; (Li et al., 2009)] using reads mapping
to the P-element with gsnap (see section 2). The mpileup file was converted to a sync file
with PoPoolation2 [r204; –fastq-type sanger –min-qual 20 (Kofler et al., 2011)] and SNPs
were identified with a custom tool (find-snps.py) where we required a minor allele count
of 20 across all samples (of a replicate) for hot evolved populations and 5 for cold evolved
populations.

RNA-seq

We estimated the expression of the P-element in replicates 8, 9 and 10 of hot (generation
22) and cold evolved (generation 11) populations using common gardens. Flies from both
the hot and cold evolved populations were allowed to lay eggs twice for 48 hours. These eggs
were kept in a hot common garden (constant 23◦ C) and in a cold common garden (constant
15◦ C) for 2 generations. At the last generation we performed a density control by randomly
selecting 300 eggs. This yields in total 12 samples (3 replicates, 2 temperature conditions
and 2 common gardens). Finally, 50 virgin females (hot: aged 3-4 days; cold: aged 6-8 days)
were randomly picked from each sample and snapfrozen in liquid nitrogen. Total RNA was
extracted using TriFast (Peqlab, Erlangen, Germany), subjected to DNase I treatment and
enriched for polyA-mRNA using oligo(dT) magnetic beads. Using a modified NEB Next
Ultra protocol we generated strand-specific paired-end libraries with an insert size of about
300bp. We barcoded the samples and sequenced three lanes of 2x100bp paired-end reads
on a Illumina HiSeq 2000 (Illumina, San Diego, CA). The reads were mapped to the TE-
merged-reference (see section 2) - which contains the consensus sequence of the P-element
- using bwa bwasw (v0.7.5a) (Li and Durbin, 2010). The fraction of reads mapping to the
P-element was computed with a custom script (readstat2rpm.py). For an overview of the
RNA-seq data used in this work see table 2. Significant differences in P-element expression of
flies reared in a hot and cold common garden were assessed with an ANOVA. We compared
a model that includes both the temperature of the cage and the common garden to a model
that only includes the temperature of the cage as explanatory variable.

To identify alternative splicing we realigned all reads mapping to the P-element with
gsnap (section 2) and counted for each splice junction the number of reads supporting the
presence or absence of a splicing event (delta23freq-from-bam.py). For each intron we summed
values of the 5’ and 3’ splice junction.



Supplementary Table 2: Overview of the RNA-seq libraries used in this work. For each
library the number of reads (in million: M.), the fraction of mapped reads, the number
of reads mapping to the P-element (P [counts]) and the fraction of reads mapping to the
P-element ( P [rpm], reads per million) is shown. rep.: replicate, cg.: common garden

rep. cg. reads [M.] mapped [%] P [counts] P [rpm]
H8 hot 52.4 98.3 2260 43.9

cold 50.8 99.1 1056 21.0
H9 hot 64.8 99.3 4069 63.2

cold 42.2 99.3 470 11.2
H10 hot 50.2 98.9 1874 37.8

cold 41.8 99.2 764 18.4
C8 hot 50.0 99.0 229 4.6

cold 50.3 99.2 132 2.6
C9 hot 69.8 99.3 372 5.4

cold 48.0 99.3 94 2.0
C10 hot 42.7 99.1 91 2.1

cold 48.4 99.2 34 0.7

Small RNAs

For hot evolved populations, small RNA was sampled at generations 22, 44 and 108; and for
cold evolved populations at generations 22 and 54. For an overview of the small RNA data
see supplementary table 5. Total RNA was extracted from females (aged 3-4 days) reared
in a hot common garden hot (constant 23◦C) as described above (section 2). Sequencing of
the small RNA libraries was done by Fasteris (https://www.fasteris.com/dna/). We mapped
the short reads with novoalign (V3.03.02; http://www.novocraft.com/ -F STDFQ -o SAM -o
FullNW -r RANDOM) to a library consisting of the D. simulans tRNAs, miRNAs, mRNAs,
snRNAs, snoRNAs, rRNAs (1.4; Flybase http://flybase.org/) and the consensus sequences
of the TEs (transposon sequence set.embl; v9.42; section 2). An overview of the mapping re-
sults, the distribution of piRNAs within the P-element (including normalization to a million
miRNA) and the ping-pong signal were computed with custom Python scripts (stat-piRNA-
overview.py, graph-piRNA-distribution-onTE.py, ping-pong-signature.py ; allowing for 2 mis-
matches). Small RNAs from the D. melanogaster strain Harwich were obtained from ENA
[http://www.ebi.ac.uk/ena; accession number SRR014273; published by Brennecke et al.
(2008)]. Adapters were removed with cutadapt [v1.9.1 (Martin, 2011); -a CTGTAGGCAC-
CATCAAT] and the sequences were aligned with novoalign as described above. We iden-
tified the positions of piRNA clusters for hot and cold conditions separately. We pooled
the small RNA data from generation 22 for each temperature regime and mapped them
to the D. simulans genome. To exclude siRNAs and miRNas we only retained reads with
a length between 24 and 29bp. Furthermore solely unambiguously mapping reads were



used (mapping quality ≥ 20). Next we counted the number of piRNAs for genomic bins of
size 100bp ((bin − pirnas.py − −binsize100) and than identified the positions of piRNA
clusters using a local score approach as described by Fariello et al. (2017). Briefly we
computed a score for every bin (number of piRNAs - threshold) and searched for sets of
consecutive bins that attain a local high score. Note that this algorithm allows for bins
having negative scores as long as a novel high score is achieved with the neighboring bins
(findclusterinsertions.py −−threshold50). Finally we only retained piRNA clusters with
a local score larger than 2000. To test whether the P-element insertions on 3R are close
to telomere associated regions (TAS) we obtained the TLL (TAS-L like) sequences of D.
simulans provided (Asif-Laidin et al., 2017) (Supplementary fig. 7A,B) and aligned them to
the D. simulans genome with novoalign (-F FA -o SAM -r All).

Single molecule RNA-FISH

We determined the presence of P-element transcripts in hot and cold evolved populations
(hot: generation 108; cold: generation: 54) using single molecule RNA-FISH. Flies were
reared for two generations in a hot common garden (constant 23◦ C) as described above
(section 2). We used CAL Fluor Red 590-labeled Stellaris oligo probes (LGC Biosearch
Technologies, Petaluma, CA) to detect P-element transcripts in D. simulans ovaries. We
designed one probe set for sense mRNA and two probe sets for antisense mRNA of the
P-element. For each probe set, 48 oligos were designed such that each oligo has at least
two mismatches to any other TE. Single molecule RNA-FISH was performed as described
in Mohn et al. (2014). Confocal stacks of egg chambers were acquired on a Zeiss LSM780
microscope.

Gonadal dysgenesis assays

We measured the abundance of dysgenic ovaries in hot and cold evolved populations (hot:
generation 114; cold: generation 57). Flies were randomly assigned to three samples and
each sample was allowed to lay eggs for 48h at one of three temperature regimes (29◦C
constant; hot fluctuating 18-28◦ C; cold fluctuating 10-20◦C). The progeny was developing
at the respective temperature regime until eclosion and eclosed flies were kept at constant
23◦C. To estimate the fraction of dysgenic ovaries we kept flies on apple juice agar with live
yeast for 2 days. Flies were dissected in PBS and presence of dysgenic ovaries was scored
using the following classification: clearly visible ovarioles or eggs (clear), ovarioles barely
visible (weak), no ovarioles (or eggs) could be detected (absent). The percentage of dysgenic
ovaries (HD) was computed as 100 ∗ (absent+ (weak/2))/(clear + weak + absent)
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