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Abstract

Global warming is forcing insect populations to move and adapt, triggering adaptive genetic responses. Thermal stress is 
known to alter gene expression, repressing the transcription of active genes, and inducing others, such as those encoding 
heat shock proteins. It has also been related to the activation of some specific transposable element (TE) families. 
However, the actual magnitude of this stress on the whole genome and the factors involved in these genomic changes 
are still unclear. We studied mRNAs and small RNAs in gonads of two Drosophila subobscura populations, considered a 
good model to study adaptation to temperature changes. In control conditions, we found that a few genes and TE families 
were differentially expressed between populations, pointing out their putative involvement in the adaptation of populations 
to their different environments. Under heat stress, sex-specific changes in gene expression together with a trend toward over-
expression, mainly of heat shock response-related genes, were observed. We did not observe large changes of TE expression 
nor small RNA production due to stress. Only population and sex-specific expression changes of some TE families (mainly ret-
rotransposons), or the amounts of siRNAs and piRNAs, derived from specific TE families were observed, as well as the piRNA 
production from some piRNA clusters. Changes in small RNA amounts and TE expression could not be clearly correlated, in-
dicating that other factors as chromatin modulation could also be involved. This work provides the first whole transcriptomic 
study including genes, TEs, and small RNAs after a heat stress in D. subobscura.

Key words: Drosophila, stress, transposable elements, piRNAs, RNA-seq, heat shock stress.

Significance
Global warming provokes intense heat waves affecting the organism genomes. Usually, heat stress alters gene expres-
sion, but the effect on transposable element (TE) activity and their control mechanisms, involving small RNAs, is not clear. 
Here, we studied how the thermal stress affects the gonadal transcriptome of Drosophila subobscura, and we found 
that changes on the expression of specific TE families were not always coupled with their derived small RNAs, indicating 
that other factors should also be involved. This work provides the first whole genome expression study in D. subobscura, 
including TE expression after a heat stress, and provides a framework for future studies on the thermal effects on the 
epigenome and their consequences for organisms.
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Introduction
Temperature is a well-known stressful factor that can alter 
gene expression in Drosophila (Pauli et al. 1992) and other 
species (Srikanth et al. 2020). High temperatures have been 
observed to repress the transcription of several genes and 
activate that of others, mostly those related to the stress re-
sponse (Tanguay 1983). When the organisms return to op-
timal temperatures, their cellular activities are gradually 
restored at rate depending on the severity of the stress 
(Pauli et al. 1992). The most important group of genes up-
regulated after a heat stress and other stressful factors are 
those coding heat shock proteins (Hsps) (Sørensen et al. 
2003). Hsps are molecular chaperones that modulate the 
structure and folding of other proteins (Tower 2011). 
They play important roles in transport, signal pathways, 
and activation of enzymes and receptors (Parsell and 
Lindquist 1993). These functions provide the organism a 
temporary enhanced tolerance to stress (Sørensen et al. 
2003). Even though the Hsps have been widely studied 
(Tanguay 1983), the global effects of high temperatures 
on the genomes are poorly understood (Sørensen et al. 
2005).

Some authors also associated the heat stress to an in-
crease of transposition of some specific transposable elem-
ent (TE) families in Drosophila (Junakovic et al. 1986; 
Vasilyeva et al. 1999; Kofler et al. 2018), such as copia 
(Strand and McDonald 1985) or 412 (Bubenshchikova 
et al. 2002), but a lack of mobilization was found in other 
cases (Arnault et al. 1991, 1997). In Drosophila somatic 
cells, some TEs are silenced by endogenous small interfer-
ing RNAs, endo-siRNAs (Czech et al. 2008; Ghildiyal et al. 
2008; Kawamura et al. 2008). In the ovarian somatic and 
germ cells, transposition is mainly controlled by 
piwi-interacting RNAs (piRNAs) (Brennecke et al. 2007; Li 
et al. 2009; Malone et al. 2009; Luo and Lu 2017), even 
though the siRNA pathway is also active (Czech et al. 
2008). Most of gonadal piRNAs are produced from specific 
TE-enriched loci, called piRNA clusters, that cover around 
3.5% of the Drosophila melanogaster genome 
(Brennecke et al. 2007). These loci are transcribed from 
one or two DNA strands into long piRNA precursors, which 
once processed give rise to trailing piRNAs (Li et al. 2009; 
Malone et al. 2009; Ozata et al. 2019). In the germline, trail-
ing piRNAs are amplified in a ping-pong amplification cycle, 
producing initiator or responder piRNAs (Ozata et al. 2019), 
which magnifies the TE repression (Brennecke et al. 2007; 
Gunawardane et al. 2007), a process that has been ob-
served to be more relevant in females than in males 
(Saint-Leandre et al. 2020). On the other hand, it is also 
known that the Hsps Hsp70 (Cappucci et al. 2019) and 
Hsp83 (Specchia et al. 2010) in Drosophila are involved in 
piRNA biogenesis, and their functional alterations cause 
TE transpositions in germ cells. However, the effects of 

heat shocks on the piRNA amounts and consequently on 
the TE activity remain ambiguous. For example, in D. mela-
nogaster, the heat shock treatments caused strain-specific 
modulation of the expression from certain piRNA clusters 
and changes of the piRNA levels targeting some specific 
TE families (Funikov et al. 2015), but not others (Cappucci 
et al. 2019). However, no correlation between changes in 
piRNA levels and TE transcripts has been observed under 
heat stress (Funikov et al. 2015; Cappucci et al. 2019).

Drosophila subobscura is a species of the obscura group 
of the subgenus Sophophora (Collin 1936). It is native from 
the Palearctic region, broadly distributed in Europe, and in 
the late 1970s and early 1980s has invaded areas of South 
and North America (Galludo et al. 2018). This species has a 
rich inversion polymorphism in most of its six chromosomes 
(A, J, U, E, O, and dot), with more than 65 identified inver-
sions, most of them located on the O chromosome 
(Karageorgiou et al. 2019). Because some of them have 
adaptive roles, showing repeatable spatiotemporal pat-
terns in frequencies related to temperature (Rego et al. 
2010), they can be used to monitor global warming 
(Balanyá et al. 2006). However, little is known about the 
mechanisms responsible for such patterns nor how the re-
sponse to heat stress may be influenced by the genetic 
background of the populations under study. In fact, the dif-
ferent basal protein levels of Hsp70 (located on the O 
chromosome) detected in two populations with different 
O arrangements disappeared after heat stress (Calabria et 
al. 2012). In contrast, comparable basal Hsp70 mRNA levels 
in populations bearing different O chromosomal arrange-
ments were detected in another study (Puig Giribets et al. 
2020). The aim of this work is to study how heat stress af-
fects the whole genome expression of two D. subobscura 
populations, adapted to different temperature regimes, 
Madeira and Curicó, coming from a native Palearctic region 
and from a Chilean colonizer region, respectively, and both 
bearing the same O chromosome arrangement. This study 
was performed in gonads because germline changes are in-
herited, the piRNA pathway is active in this tissue 
(Brennecke et al. 2007; Li et al. 2009; Malone et al. 2009; 
Luo and Lu 2017), and the effects of heat stress on the go-
nads have not been deeply studied yet. We studied the ex-
pression profiles and the quantities of small RNA derived 
from TE families in ovaries and testes. We found gene ex-
pression differences between the gonads of Madeira and 
Curicó that could be related to population adaptation to 
different environments. When populations were submitted 
to a heat stress, an impact on gene expression, with a trend 
toward overexpression, was observed in genes involved in 
the stress response, such as Hsps. The heat stress changed 
the expression of only some specific TE families, mostly in 
population- and tissue-specific patterns. Even though this 
stress did not globally impact the amounts of TE-derived 
small RNAs, we detected changes in the siRNA and piRNA 
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amounts derived from some specific TE families and 
the piRNA production from some piRNA clusters. 
Furthermore, our findings demonstrate that small RNA 
changes have a mild influence on TE activation, suggesting 
that other factors, such as changes in the epigenome, could 
also be involved on TE activity.

Results

Differential Expression between Populations in Control 
Conditions

To compare the expression levels prior to stress (control con-
ditions) between populations adapted to different environ-
ments, including different temperature regimes, we studied 
the gonadal transcriptome of males and females from two 
strains derived from two D. subobscura populations: one 
from the native Palearctic region (Madeira) and another one 
from a colonized American region (Curicó). The two popula-
tions had identical chromosomal arrangements in all chromo-
somes (A2, J1, Est, and O3±4), except on U (U1+2 arrangement 
in Madeira and U1±8+2 in Curicó) (supplementary fig. S1, 
Supplementary Material online). All these inversions are fre-
quent in each region (Madrenas et al. 2020; Muñoz 2022). 
We compared gene, TE, and small RNA expression in testes 
and ovaries between two populations using RNA-seq under 
normal and heat stress conditions. We found more genes dif-
ferentially expressed between populations in testes (9.68%) 
than in ovaries (4.23%) (supplementary tables S1 and S2, 
Supplementary Material online; two-proportion Z-test, P <  
0.001). Overall, the gene expression was more similar 
between populations (Spearman’s rank correlation coeffi-
cient ρ = 0.974 and 0.970 in females and males, respectively, 
P < 0.001 in both cases, supplementary table S3, 
Supplementary Material online) than between sexes 
(ρ = 0.611 and 0.568 in Curicó and Madeira, respectively, 
P < 0.001 in both cases, supplementary table S3, 
Supplementary Material online). The Gene Ontology (GO) en-
richment analysis on differentially expressed genes between 
populations showed enrichment in GO terms involved in gen-
eral processes (cellular, metabolic, and multicellular organis-
mal processes) in all samples, but also in GO terms, 
sometimes population and/or sex specific, likely related to 
their environmental adaptation (supplementary fig. S2, 
Supplementary Material online). For example, the 
Cyp12d1-p gene, encoding a protein in response to the in-
secticide dichlorodiphenyltrichloroethane (DDT), was more 
expressed in Curicó males and Madeira females, and both 
copies of the Hsp70 gene were more expressed in both sexes 
of Madeira population (fig. 1A and B). GO terms related to im-
mune system processes were only enriched in Curicó females, 
but the Tnpo gene was more expressed in both sexes of 
Madeira than in Curicó populations (fig. 1A and B). In the 
same way, GO terms related to rhythmic processes (e.g., 

BTBD9 gene) were only enriched in the Curicó population 
(fig. 1A and B). We also detected an enrichment of growth 
GO terms when males of both populations were compared 
(supplementary fig. S2, Supplementary Material online). 
Moreover, even though an enrichment of reproduction GO 
terms was not observed, the gene Ag5r2, involved in multicel-
lular organism reproduction, was highly expressed in Madeira 
males (fig. 1B). We analyzed if the genes with differences in 
expression between populations were the same in both sexes, 
and we noticed that only 7% were shared by males and 
females (fig. 1E).

TE expression differences between populations in go-
nadal tissues were studied using a list of de novo anno-
tated TEs in the D. subobscura reference genome 
(Karageorgiou et al. 2019), as described in Materials and 
Methods. We used the TE insertions of the reference gen-
ome because divergence of TE consensus sequences versus 
the reference genome and versus our populations, using 
four de novo reference transcriptomes (supplementary 
fig. S3A, Supplementary Material online), was similar. 
Moreover, a similar distribution of the percentage of iden-
tical positions in TE sequences of all reference transcrip-
tomes versus the reference genome (supplementary fig. 
S3B, Supplementary Material online) was observed. In add-
ition, the correlation of the percentage of identical posi-
tions was lower (r = 0.680 in Curicó females vs. Curicó 
males, supplementary table S4, Supplementary Material
online) or similar (r = 0.773 in Madeira females vs. 
Madeira males, supplementary table S4, Supplementary 
Material online) between sexes of the same population 
than in the same sex between populations (r = 0.805 
in Curicó females vs. Madeira females and r = 0.766 in 
Curicó males vs. Madeira males, supplementary table S4, 
Supplementary Material online), avoiding a population 
bias in our results.

We found that 12.83% of the reference genome, with an 
estimated size of around 150 Mb (Karageorgiou et al. 2019), 
was covered by putative TE families (supplementary fig. S4A, 
Supplementary Material online): 1.09% corresponded to 
DNA elements, 2.14% to retrotransposons (1% to LTRs, 
1.14% to LINEs), and 9.59% were included in the unknown 
category. Excepting this last TE category (62,836 insertions), 
the elements with the greatest number of insertions were 
the Helitrons, followed by jockey and gypsy superfamilies 
(supplementary fig. S4B, Supplementary Material online). 
When we compared the TE expression between the two po-
pulations, we have almost twice as many TEs more expressed 
in Curicó than in Madeira in both sexes (supplementary table 
S5, Supplementary Material online). However, we found a 
similar percentage of TE families showing differential expres-
sion between populations in ovaries (8.09%) and in testes 
(9.88%) (supplementary tables S5 and S6, Supplementary 
Material online, two-proportion Z-test, P = 0.265). The differ-
entially expressed TEs belonged to different classes: DNA class 
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(Polinton, mariner, Transib, or Helitron) and retrotransposons 
(copia, gypsy, BEL, Penelope, or jockey superfamilies) (fig. 1C 
and D). When we analyzed if the differentially expressed TE 
families were the same in both sexes, we noticed that 14% 
were shared by males and females (fig. 1F). Globally, we 
found that TE expression is fairly similar between populations 
(ρ = 0.968 and 0.974 in females and males, respectively, P <  
0.001, supplementary table S7, Supplementary Material on-
line) and between sexes (ρ = 0.837 and 0.828 in Curicó and 
Madeira, respectively, P < 0.001, supplementary table S7, 

Supplementary Material online), unlike what was observed 
when the expression of genes was compared (more differ-
ences between sexes).

Sex-Specific Gene Expression Response after a Heat 
Shock

We then studied how the heat stress affected the transcrip-
tome of ovaries and testes from Madeira and Curicó popu-
lations by comparing samples under heat shock versus 

FIG. 1.—Changes of expression in gonads between populations. (A–D) Differences of expression in gene (A, B) and TE families (C, D) in Madeira versus 
Curicó populations: females (A–C) and males (B–D). Positive log2FC values correspond to genes and TEs more expressed in Madeira. The names of genes 
showing the 20 highest log2FC values, and displaying an ortholog in D. melanogaster, are shown in (A) and (B). Genes and TE families whose differential 
expression is common in females and males are in bold. In red, other genes mentioned in the text. Hsp70 is called as characterized in D. subobscura (Puig 
Giribets et al. 2020). (E, F) Venn diagram showing the number of differentially expressed genes (E) and TE families (F) shared by both sexes when the two 
populations were compared.
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control conditions, and we found that from 0.78% to 
1.22% of the total expressed genes changed their expres-
sion after a heat stress in both populations and sexes 
(supplementary table S8, Supplementary Material online). 
Whereas we observed a similar number of genes with 
changes in expression in females from both populations 
(two-proportion Z-test, P = 0.210, supplementary table 
S9, Supplementary Material online), a higher number of dif-
ferentially expressed genes were observed in Madeira males 
compared with Curicó (two-proportion Z-test, P = 0.004, 
supplementary table S9, Supplementary Material online), 
suggesting a stronger response of heat stress in the males 
of this population. Moreover, a trend to overexpression 
versus underexpression was observed (fig. 2A–D; 
supplementary table S8, Supplementary Material online), 
exhibiting that the effect of heat stress in gonads is differ-
ent from that found in other tissues, where gene underex-
pression is usually the rule after heat stress (Sørensen et al. 
2005). As expected, the genes showing the highest overex-
pression in most samples corresponded mainly to the Hsp 
family (fig. 2A–D), whereas underexpressed genes were in-
volved in other biological functions. Differentially expressed 
genes after a heat stress were mainly enriched in general 
GO terms involved in cellular, developmental, metabolic, 
and multicellular organismal processes, as well as biological 
regulation (supplementary fig. S5, Supplementary Material
online). When we compare the GO terms of overexpressed 
genes versus underexpressed, we observed a greater re-
presentation of genes in response to stimulus, signaling, 
biological regulation, locomotion, rhythmic processes, 
and immune system that are overexpressed. However, the 
genes involved in cellular and metabolic processes tended 
to be more represented in the underexpressed category, 
in addition to reproduction in males (supplementary fig. 
S5, Supplementary Material online). We also found some 
genes involved in processes, such as histone chromatin re-
modeling, that changed their expression only in one sex 
after stress; for example, the lid gene (encoding a histone 
demethylase) was overexpressed after a heat stress in fe-
males (data not shown).

We also looked for common differentially expressed 
genes after a heat shock (fig. 2E) between populations or 
sexes. We found a similar percentage of genes with 
changes in expression unique for each population-sex, ex-
cept in Madeira males where almost twice as many differ-
entially expressed genes were detected. However, we 
observed much more genes with changes in expression 
shared between populations, considering individuals of 
the same sex (29 in females and 25 in males, fig. 2E), 
than those shared between sexes within a population 
(two genes in Curicó and one in Madeira, fig. 2E). 
Additionally, we observed that 18 differentially expressed 
genes after a heat stress were shared between populations 
and sexes. The detailed study of these last genes showed 

they were all overexpressed, in different levels depending 
on the sex and populations (fig. 2F). Most of them corre-
sponded to heat shock genes (Hsp67Ba, Hsp67Bc, and 
both copies of genes Hsp68, Hsp27, and Hsp70) or related 
to the heat response, such as stv, all highly expressed after 
the heat stress (fig. 2F). In addition, we found genes related 
to gene expression, such as CG12071 (negative regulation 
of transcription by RNA polymerase II) and CG6511 (posi-
tive regulation of transcription). Finally, we found genes in-
volved in several functions, such as culd (photoreceptor 
cell–transmembrane protein), Nach (sodium channel family 
of proteins), Jon74E (proteolysis), ref(2)P (autophagy activa-
tion by ubiquitinated proteins), CG10357 (enables lipase 
activity), and CG12947 and CG8620 (coding for proteins 
with unknown functions).

Heat Shock Effects on Genes of Heat Response and Piwi 
Pathway

To gain insight into the heat shock response, we studied in 
depth the heat shock genes encoding for proteins having 
an important role on stress response. In figure 3A, we ob-
served that most of the heat shock genes were overex-
pressed after a heat shock in the gonads of all 
populations and sexes. Some of them were significantly 
overexpressed in a similar rate in all samples (Hsp67Ba, 
both copies of Hsp70 and Hsp83). In the same way, 
Hsp23 and Hsp22 were also overexpressed in all conditions 
except in Curicó males, likely due to the low count in this 
sample. In contrast, the overexpression of other heat shock 
genes varies according to sex: both copies of Hsp68 and 
Hsp67Bc were much more overexpressed in females than 
in males, and the opposite for Hsp26 and both copies of 
Hsp27 genes. Underexpression of the heat shock genes 
was also observed according to population: Hsp10 and 
Hsp60C genes were underexpressed in Curicó females 
and Hsp60B in males, whereas Hsp67Bb was overexpressed 
in females from the same population. Regarding the heat 
shock cognate genes, constitutively expressed without a 
stress stimulation (Dworniczak and Mirault 1987), we 
found less changes in expression than those observed in 
the Hsp genes. We detected an overexpression of one 
copy of Hsp70-3 and Hsp70-4 in males, Hsc70Cb in both 
males and Curicó females, Hsp70-5 in Curicó females, 
and finally an underexpression of Hsp70-1 in Curicó males.

Subsequently, we studied the changes in expression of 
other genes encoding for other heat response proteins 
(fig. 3B). We observed overexpression of stv (encodes an 
Hsp70 cochaperone during stress recovery) and DnaJ-1 (en-
codes a heat shock protein cofactor), and in both cases, the 
expression tends to be higher in females than in males. In 
Madeira population, we observed overexpression of l(2)efl 
(a family of small Hsp genes). Gp93 (encodes an Hsp 
Hsp90 family) and Stip1 (enables Hsp90 protein binding 
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FIG. 2.—Changes of gene expression in gonads after a heat shock. (A–D) Differential gene expression analysis in heat shock versus controls in Curicó 
females (A) and males (C) and Madeira females (B) and males (D). Positive log2FC values correspond to genes more expressed after a heat shock versus control. 
Only the names of genes showing the 20 highest log2FC values and displaying an ortholog in D. melanogaster are shown. Hsp70 is called as characterized in D. 
subobscura (Puig Giribets et al. 2020). Genes common to all comparisons are in bold, to three comparisons in orange, and to two are in italic (red color if shared 
by sex, blue if shared by population, and gray if other combination). (E) Venn diagram showing the number of differentially expressed genes shared between 
populations and sexes. (F) Heatmap of the 18 differentially expressed genes after a heat shock shared in all populations (Curicó and Madeira) and sexes (males 
and females).
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activity) genes were only overexpressed in testes. In ovaries, 
we also detected an overexpression of the Rme-8 gene, 
which belongs to the Hsp 40/Dnaj cochaperones involved 
in the regulation of border follicle cell migration. Other 
genes (mostly from the chaperonin containing tcp-1 com-
plex group) changed their expression after a heat shock 
only in one population or sex but mainly in Curicó males. 
Finally, the heat shock factor (Hsf), which binds specifically 
heat shock promoter elements (HSE) and activates Hsp 
transcription, was not overexpressed after a heat stress.

We examined the expression of the piRNA pathway 
genes for their role in germline TE silencing. As observed 
in figure 3C, the heat shock does not have effect on the ex-
pression of these genes in testes. Regarding ovaries, we ob-
served few expression changes: overexpression of piwi and 
hop in both populations and overexpression of tapas and 
underexpression of Hel25E in Curicó. In Madeira popula-
tion, overexpression of tej and qin and underexpression 
of ci are observed. All these gene expression changes had 

low log2FC values (|log2FC| < 1), except BoYb which expres-
sion is 4-fold higher after a heat shock in the females of 
Curicó versus control (log2FC of 1.97). It is interesting to 
highlight that other genes belonging to the Hsp group 
(Hsp83, Hsc70-4, and Hsp70), which changed their expres-
sion, have also an involvement in the piRNA pathway 
(Cappucci et al. 2019).

Only a Few TE Families Change in Expression after a Heat 
Shock

To detect if the heat stress activates TE expression in D. sub-
obscura, we compared the TE family transcription levels 
after a heat shock versus control in testes and ovaries of 
Madeira and Curicó populations. We found that from 
0.77% to 1.75% of the expressed TE families changed their 
expression after a heat stress (supplementary table S10, 
Supplementary Material online), and this percentage is 
similar both between sexes and between populations (two- 

FIG. 3.—Expression changes in gonads of specific gene groups in heat-shocked samples versus controls (log2FC). (A) Hsp genes. (B) Other genes related 
with the heat shock response grouped by gene group, as described in FlyBase. (C) piRNA pathway genes. Significant values (P < 0.05) are indicated with an 
asterisk and in bold. Colors indicate the values of the differences in gene expression (log2FC). Values that could not be computed, due to low number of reads, 
are shown as NA (not applicable).
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proportion Z-test, all P ≥ 0.447, supplementary table S11, 
Supplementary Material online). We observed a trend of 
TE families toward the overexpression (0.46–1.75% over-
expressed vs. 0–0.31% underexpressed, supplementary 
table S10, Supplementary Material online; fig. 4A–D). 
After annotation of the differentially expressed TEs, we no-
ticed that most of them were retrotransposons, mainly 
from the gypsy superfamily (fig. 4A–D). We also found 
that most of the TEs with changes in expression were spe-
cific of a population or sex (fig. 4A–E), but some differen-
tially expressed TE families were only shared by sex (one 
in females and three in males, fig. 4E). For example, a gypsy 
family was underexpressed in ovaries (fig. 4A, B, and E), and 
other three TE families, one gypsy and two unknown, were 
overexpressed in testes (fig. 4C–E). However, only one over-
expressed TE (gypsy superfamily) was commonly overex-
pressed in both populations and sexes (bold name in fig. 
4A–D and 4E) after the heat shock, which was validated 
using a quantitative real-time polymerase chain reaction 
(qRT-PCR) (Wilcoxon signed-rank test for 2−ΔCt, P ≤ 0.046 
in all cases, supplementary table S12, Supplementary 
Material online). Finally, when we focused on the 23 differ-
entially expressed TE families of figure 4F, we detected 
some TEs with significant differences in expression in other 
comparisons but in a lower magnitude (|log2FC| < 1). For 
example, Polinton-1 and TE-441 were also activated in all 
samples after this stress (fig. 4F).

Impact of the Heat Stress on the Small RNA Amounts

To study if the heat stress affected the small RNA amounts 
in gonads, we first annotated the piRNA clusters in the ref-
erence genome of D. subobscura (Karageorgiou et al. 
2019) to have an overview of their distribution along chro-
mosomes. We used the software proTRAC (Rosenkranz and 
Zischler 2012), which predicts and analyzes genomic piRNA 
clusters based on mapped piRNA sequence reads, as ex-
plained in Materials and Methods. We identify a total of 
85 TE piRNA clusters using piRNAs from the ovaries of 
both populations (with a minimum overlap of 80%) at con-
trol conditions, covering a total of 1.29% of the reference 
genome and being 67 of them bidirectionally transcribed 
(supplementary table S13, Supplementary Material online 
and data S1 available at https://figshare.com/s/ 
f632c12591271effbf79). Most of these piRNA clusters 
were located close to the centromere, and most of the an-
notated ones had insertions mainly from the gypsy super-
family (fig. 5A). In addition, 15 of the 20 clusters 
producing most of the piRNA in each population were 
the same in Madeira and Curicó (highlighted lines in 
supplementary table S13, Supplementary Material online), 
and they produced more than 70% of the total piRNA reads 
mapped in all clusters (74.03% in Madeira and 76.56% in 
Curicó). The TE piRNA clusters that did not overlap at least 

80% between populations or were detected only in one 
population were considered as unique of that population, 
and we found 58 unique extra clusters in Madeira and 73 
in Curicó (supplementary tables S14 and S15, 
Supplementary Material online and piRNA alignment exam-
ples of population-specific clusters in supplementary fig. 
S6, Supplementary Material online, and data S2 and S3, 
available at https://figshare.com/s/ac3d1dc5f9eb0dd3f2dc
and https://figshare.com/s/80cce38193134e9305b2, re-
spectively), covering a 0.80% and 0.84% of the reference 
genome, respectively. We then checked the piRNA produc-
tion in testes and in control conditions of the 85 clusters 
identified in ovaries, and only 31 clusters in Madeira and 
45 in Curicó seem to be expressed, being only 26 expressed 
in both populations and sexes.

We then studied the impact of the heat stress on the 
piRNA production of the 85 common clusters detected in 
ovaries (supplementary table S13, Supplementary 
Material online), and we found that this stress did not glo-
bally modify piRNA production from piRNA clusters in any 
population and sex (Kruskal–Wallis test, all P = 0.942, 
supplementary table S16, Supplementary Material online). 
However, heat stress seemed to increase the production 
of piRNAs from some clusters and to decrease that from 
others, in some cases showing double or half of the 
piRNA production (|log2FC| > 1) after heat stress 
(supplementary fig. S7, Supplementary Material online). 
The general comparisons of piRNA production per cluster 
before and after heat stress, considering both kinds of clus-
ters, pointed to an effect of the piRNA cluster production 
only in Curicó females because in this sample, most of 
the clusters tend to decrease their piRNA production after 
stress (Wilcoxon signed-rank test, P < 0.001 in Curicó fe-
males, supplementary table S17, Supplementary Material
online). However, when the clusters producing more 
piRNAs after heat shock were separated from those with 
less piRNAs, we observed significant differences in all com-
parisons (one-tailed Wilcoxon signed-rank test, all P <  
0.001, supplementary tables S18 and S13, Supplementary 
Material online). The effect of heat shock on piRNA cluster 
production tended to be different in males and females: 
more clusters that decrease piRNA production in females 
and the opposite in males (supplementary table S18, 
Supplementary Material online).

We then studied the global amounts of the small RNAs 
due to their role in the TE silencing in the Drosophila germ-
line. An overview of the quantity of small RNAs, normalized 
by reads per million (RPM), present in our samples (fig. 5B) 
showed higher quantities of piRNAs and lower of miRNAs 
and siRNAs in females than in the males, as expected due 
to the higher efficiency of this pathway in ovaries versus tes-
tes (Saint-Leandre et al. 2020). However, we could not find 
a significant difference in the total amount of piRNAs and 
siRNAs produced before and after a heat shock (t-test, all 
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P ≥ 0.157, supplementary table S19, Supplementary 
Material online). We then analyzed the impact of the heat 
stress on the small RNAs, normalized using miRNAs, derived 
from each TE family. We observed changes in their amounts 

after a heat stress (points outside the red-dashed lines in fig. 
5C and D). We then checked if TE expression modulation 
could be explained by the siRNA and piRNA amount 
changes after the heat stress, and we did not find a strong 

FIG. 4.—Changes of TE expression in gonads after a heat shock. (A–D) Differential TE expression analysis in heat shock versus control in Curicó females (A) 
and males (C) and Madeira females (B) and males (D). Positive log2FC values correspond to TE families more expressed after a heat shock. The differentially 
expressed TE family or superfamily names are displayed. TEs common in all comparisons are in bold, orange in three comparisons, and the ones shared by sex 
are in italic and red. (E) Venn diagram showing the number of differentially expressed TEs shared between populations and sexes. Brown regions are TE families 
shared by population, orange shared by sex, and yellow shared in all comparisons. (F) Heatmap of the 23 differentially expressed (|log2FC| > 1) TE families after 
a heat shock in at least one population or sex. The superfamily of the unknown TEs, if annotated, is shown in brackets.
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association between them, except in Curicó males 
that exhibited a trend to more TE expression and 
more piRNA amounts, respectively (Fisher’s exact test, 
P = 0.002, supplementary table S20 and figs. S8 and S9, 
Supplementary Material online). In addition, changes in 
small RNAs mainly affected nondifferentially expressed TE 
families (fig. 5C and D). When we focused on the differen-
tially expressed ones, we noticed that most of these TE fam-
ilies had little changes (|log2FC| < 1) in their small RNA 
amounts (both for siRNA and piRNA), except the male over-
expressed TE-303 family, which showed an increase of 
siRNAs after a heat shock. In the same way, TE-331 and 
TE-254 families, overexpressed in the females of Curicó 
and Madeira populations respectively, exhibited a decrease 
in their piRNA amounts after a heat stress (names in fig. 5C 
and D; an example of the siRNA and piRNA alignment with 
the overexpressed TEs is shown in supplementary figs. S10 
and S11, Supplementary Material online).

We finally analyzed the impact of the heat stress on the 
ping-pong signal. First, we compared the number of TE 
families with and without the ping-pong signal in control 

versus stress conditions, and we could not detect a global 
impact of the heat shock in the ping-pong signal for 
the studied TE families (chi-square, all P ≥ 0.979, 
supplementary table S21, Supplementary Material online). 
We then focused on the specific TE families whose ping- 
pong signal changed in control versus heat shock condi-
tions, and we did not find a global tendency. In fact, the 
18 TE families with changes on this signal were unique 
for each population-sex, except the TE-637, detected in 
Curicó females and Madeira males (supplementary figs. 
S12 and S13, Supplementary Material online). In Curicó fe-
males, five out of seven TE families only show ping-pong 
signal after stress (supplementary fig. S12, Supplementary 
Material online). Nevertheless, four out of five TE families 
and all three TE families in Madeira females and Curicó 
males, respectively, only show ping-pong signal in control 
conditions (supplementary figs. S12 and S13, 
Supplementary Material online). Finally, in Madeira males, 
this signal is only detected in control conditions in one-half 
of the TE families (out of four TE families, supplementary 
fig. S13, Supplementary Material online). However, the 

FIG. 5.—Overview of piRNA clusters, small RNA quantities, and their changes after a heat stress in gonads. (A) Location of the piRNA clusters by chromo-
some in the reference genome (C, centromere; T, telomere) and its annotation based in the main TE superfamily/class present. (B) Mean RPM of small RNAs in 
all samples. (C, D) Differential small RNA expression analyses in heat shock versus control by population and sex. Positive log2FC values correspond to TE families 
with a higher amount of siRNAs (C) and piRNAs (D) after a heat shock. TE families are grouped by their differential expression after stress. Red-dashed lines 
show the log2FC value considered as significant. The names of the differentially expressed TE families with significant differences in small RNAs are shown.
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differences in the ping-pong signal upon heat shock are 
small and not significant, with some specific exceptions 
mainly unique by population-sex.

Discussion

Adaptative Expression Differences in Two D. subobscura 
Populations

We studied the gene expression in the germline of the 
Madeira and Curicó populations of D. subobscura in con-
trol conditions, and we found that, when populations 
were compared, 4.23% of the genes in females and 
9.68% in males were differentially expressed. Contrasting 
percentages of gene expression differences have been re-
ported when populations of different Drosophila species 
were compared, and our results showed a higher percent-
age (Juneja et al. 2016), similar (Wurmser et al. 2013) or 
even lower (Huylmans and Parsch 2014) than what was 
previously described. However, the differences observed 
could be due to different methodology, Drosophila species, 
population origins, and/or tissues analyzed. We also no-
ticed more gene expression differences between testes 
than between ovaries, as was previously observed when 
two closely related Drosophila species from the repleta 
group were compared (Banho et al. 2021). Regarding the 
function of the differentially expressed genes between po-
pulations, in addition to general GOs involved in many pro-
cesses, we detected an enrichment of gene functions 
previously reported when two populations from different 
origins were compared, such as biological regulation 
(Juneja et al. 2016); signaling and response to stimulus 
(Juneja et al. 2016), such as response to chemicals used in 
pesticides (Catalán et al. 2012; Wurmser et al. 2013) or 
temperature (Catalán et al. 2012); immune system pro-
cesses (Huylmans and Parsch 2014; Juneja et al. 2016); 
growth (Huylmans and Parsch 2014), such as body size 
(Loeschcke et al. 2000); rhythmic processes, such as the cir-
cadian rhythm (Juneja et al. 2016); and reproduction 
(Wurmser et al. 2013; Juneja et al. 2016). These GOs could 
be related to the adaptation of D. subobscura to new envir-
onments during its colonization from the Palearctic region 
to America (Ayala et al. 1989), where Madeira and Curicó 
are located, respectively. However, because of the possible 
effects of the Madeira island colonization from the contin-
ent populations (Khadem et al. 1998), it is difficult to have 
expectations of the differences between these two popula-
tions and compare our results with other studies. 
Additionally, inversion polymorphisms, especially on O 
chromosome, in this species have also been related to local 
adaptation to environment (Balanyá et al. 2006). In fact, 
previous studies in populations bearing different O arrange-
ments showed differences in the Hsp70 protein amounts in 
control conditions (Calabria et al. 2012), but invariable 

mRNA expression was detected in another study (Puig 
Giribets et al. 2020). Our populations only differ on the U 
chromosomal arrangement (with both inversions, the U1 

+2 of Madeira and U1±8+2 of Curicó, related to a “warm” 
thermal adaptation; Galludo et al. 2018), but they carry 
identical O chromosomal arrangement, suggesting that 
other factors as the genetic background could also be af-
fecting the gene expression.

Regarding the TE content, we found that around 
12.83% of the D. subobscura reference genome was cov-
ered by putative TEs, with a similar percentage of DNA, 
LTR, and LINE elements. These results slightly differ from 
the previous reported annotation of repetitive content in 
the same reference genome (Karageorgiou et al. 2019), 
where more DNA TEs than the rest were found. These dif-
ferences can be explained by the de novo annotation per-
formed in this study, using a different methodology, 
which allowed us to identify new TE families. In D. subobs-
cura, the families with highest insertion numbers were 
Helitron, jockey, and gypsy. Helitron and gypsy superfam-
ilies were also the most represented in other Drosophila col-
onizing species, for example, Drosophila suzukii (Mérel et 
al. 2021). When the TE expression was compared in our po-
pulations, we detected almost twice as many TE families 
more expressed in Curicó than in Madeira. Differences in 
TE expression between populations are not uncommon 
and have been described in other Drosophila species 
(Lerat et al. 2017). Here, the increase of TE expression in 
Curicó could be explained by the colonization of the 
American continent by D. subobscura. In fact, an increase 
of insertion site frequencies in this species (García 
Guerreiro et al. 2008) and of TE insertions, in other species 
(Vieira et al. 1999; Mérel et al. 2021), has previously been 
observed in colonizing populations. Taking together the re-
sults of TE and gene expression, globally, most of the differ-
entially expressed genes and TEs between populations were 
unique by sex. However, low percentages of sex-specific 
differentially expressed genes between populations have 
been reported in other studies (Catalán et al. 2012; 
Huylmans and Parsch 2014). These differences could be ex-
plained by the different tissues analyzed: we used gonads, 
which have much more differences in expression between 
sexes than other somatic tissues (Lebo et al. 2009), includ-
ing a different efficiency in TE regulation (Chen et al. 2021). 
These results are also supported by the detection of more 
similarities in gene expression between populations than 
between sexes.

Response to Heat Stress in the Germline

We found from 91 to 155 genes with changes in expression 
after a heat stress in our species, with a slight trend toward 
the overexpression. These results contrast with those of 
previous studies in D. melanogaster, where heat shock 
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resulted in a trend toward underexpression (Sørensen et al. 
2005; Landis et al. 2012; Lecheta et al. 2020). In fact, it is 
believed that during a heat shock, there is repression of 
genes not directly involved in heat shock control, which 
avoids misfolded protein accumulation, prioritizes the ex-
pression of the Hsps, and protects the individual (Teves 
and Henikoff 2013). However, these experiments have 
many differences with ours—in species and in the nature 
of the heat shock. We especially have to highlight that 
most of previous heat shock studies were performed in 
whole flies (Sørensen et al. 2005; Landis et al. 2012; 
Lecheta et al. 2020), with little information on the real ef-
fect in germinal tissues. It is possible that the stress affects 
the germline in a different way, for example, the oogenesis 
processes (Gruntenko et al. 2003), the sperm function and 
viability (Chakir et al. 2002), or even the recovery once the 
stress disappears. We also cannot rule out the existence of 
some bias resulting from the analysis of only two biological 
replicates. Notwithstanding, a similar expression of most 
temperature-responsive genes in D. melanogaster ovaries 
and whole bodies was suggested in a previous work (Fast 
et al. 2017). In addition, the detected gene activation could 
be explained by the overexpression after heat stress in tes-
tes and ovaries from both populations of the CG6511 gene, 
involved in positive regulation of transcription, whereas the 
underexpression detected could be related with the overex-
pression of CG12071, involved in the negative regulation of 
transcription by RNA polymerase II.

We found that the Hsps were among the genes showing 
the highest overexpression after a heat stress, in agreement 
with what has been previously described in the literature 
(Sørensen et al. 2005; Landis et al. 2012). We also detected 
overexpression in all populations and sexes of genes that 
have been previously reported, such as stv (Landis et al. 
2012; Lecheta et al. 2020) and ref(2)P (Landis et al. 2012; 
Lecheta et al. 2020). We as well noticed other common 
genes with changes in expression whose functions were re-
lated to the heat response, such as gene expression 
(Sørensen et al. 2005; Lecheta et al. 2020). The overexpres-
sion of genes related to proteolysis and autophagy activa-
tion by ubiquitinated proteins could also be a response to 
the accumulation of unfolded proteins in the cell related 
to this stress (Pauli et al. 1992) and a path to destroy 
them. In addition, differentially expressed genes after a 
heat stress were enriched in general processes, as well as 
other previously described GOs involved in thermal adapta-
tion, such as biological regulation (Lecheta et al. 2020), de-
velopmental (Lecheta et al. 2020), and immune system 
processes (Landis et al. 2012; Teets and Hahn 2018); rhyth-
mic processes, such as circadian function (Teets and Hahn 
2018); and response to stimulus, such as response to heat 
or stress (Sørensen et al. 2005; Lecheta et al. 2020). We 
also noticed overexpression of genes related to locomotion, 
which could be related to the loss of coordination 

characteristic during heat stress together with the recovery 
of the locomotion functions once it disappears and which is 
supported by the early temperature failure of D. subobs-
cura (Jørgensen et al. 2020) related to a shorter recovery 
time (Rodgers et al. 2007). Finally, an enrichment of under-
expressed genes involved in reproduction was found in 
males and may be explained by the impact of this stress 
in the fly fertility (Chakir et al. 2002): male sterility in D. sub-
obscura can be induced at 25° (Krimbas 1993).

Unsurprisingly, we found differentially expressed genes 
after a heat shock unique for each population-sex, as al-
ready observed in control conditions when populations 
and sexes were compared. We also detected a notable 
amount of sex-specific differentially expressed genes after 
heat stress. This could also be related to the differential 
thermal adaptation observed between males and females 
of Drosophila in previous studies (Hsu et al. 2020), the high-
er heat resistance observed in D. subobscura females (Erić 
et al. 2022), and the sex-specific response after a heat stress 
observed in other species (Srikanth et al. 2020; Bedulina 
et al. 2021). It could also be influenced by the differential 
expression of genes involved in chromatin remodeling in fe-
males but not in males. These sex-specific expression differ-
ences also affected genes encoding some Hsps. Differences 
in the induction of a few small Hsps in testes and ovaries 
were previously described (Michaud et al. 1997), but our 
findings did not completely match theirs: while they could 
not detect a heat stress protein induction of Hsp23 in testes 
and Hsp27 in both ovaries and testes, we detected an in-
crease of mRNA amounts. We did not find a strong impact 
of the heat stress on the heat shock cognate genes, as ex-
pected, due to their constitutive and non–heat-inducible 
expression (Dworniczak and Mirault 1987), or other genes 
related to the heat response. We also could not detect an 
overexpression of the hsf either, contrary to what was ob-
served in a previous study (Lecheta et al. 2020). However, 
this transcription factor is already present as an inactive 
monomer without stress and trimerizes during stress to 
bind to the Hsp promoters (Teves and Henikoff 2013), mak-
ing its overexpression not necessary to perform its function. 
Regarding the piRNA pathway genes, we could only find a 
small impact of the heat stress in females, opposite to the 
strongest impact observed in Drosophila during genomic 
stress induced by hybridization (Gámez-Visairas et al. 
2020) and after a 48-h housing at 29 °C (Fast et al. 
2017). The only exception was BoYb, essential for the pri-
mary piRNA pathway in the germline (Handler et al. 
2011), 4-fold more expressed in Curicó females after the 
heat shock, and likely involved in the piRNA production de-
crease detected in most piRNA clusters in Curicó ovaries. In 
addition, the heat shock genes involved in this pathway 
(Hsp83, Hsc70-4, and Hsp70) (Cappucci et al. 2019) chan-
ged their expression, except for Droj2 (Cappucci et al. 
2019), suggesting that the piRNA production could be 
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affected in some way in all populations-sexes even though 
other genes of the pathway were not.

Limited Association between TE Activation and Small 
RNA Amount Changes after Heat Stress

We used a whole transcriptomic approach to study the im-
pact of the heat stress on the TE expression in Drosophila, 
and we found a moderate impact of this stress on the TE ex-
pression in our species, with an activation from 0.46% to 
1.75% (3 and 12, respectively) of TE families in at least 
one population. We have to highlight that the actual effects 
of heat stress on the TE activity did not seem very clear: in-
creases of transcription (Strand and McDonald 1985; 
Funikov et al. 2015; Cappucci et al. 2019) or transposition 
(Junakovic et al. 1986; Vasilyeva et al. 1999) of some specif-
ic TE families were detected in some cases, and absence of 
transposition induction in the same or other TE families 
(Arnault et al. 1997, 1991) was also reported in 
Drosophila. These results, together with the differences in 
transposition observed between TE families and even be-
tween individuals of the same stock after a heat stress 
(Junakovic et al. 1986), pointed out the importance of the 
genomic context (Arnault et al. 1997) or even the TE fam-
ilies studied. This could also explain why we only detected 
three common TE families overexpressed in different de-
grees in all population-sexes, the rest changing their ex-
pression uniquely in one population and sex. When sexes 
were compared, we noticed more activation after heat 
stress in males than in females as described in a previous 
study (Cappucci et al. 2019) and which could be explained 
by the higher TE expression in testes than in ovaries in con-
trol conditions and the differences in TE regulation be-
tween Drosophila sexes (Saint-Leandre et al. 2020). The 
higher TE activation in males versus females could also be 
related to the presence of the Y chromosome in the former, 
known for its high abundance of TEs in comparison to other 
chromosomes (Pimpinelli et al. 1995). In addition, we de-
tected more differentially expressed TE families shared be-
tween sexes than between populations. We also found 
two TE families that decrease their expression after a heat 
stress in ovaries from both populations in concordance 
with a previous study in Drosophila ovaries (Funikov et al. 
2015). In addition, we detected that most of the families 
with changes in expression were retrotransposons, mainly 
from the gypsy superfamily or family according to previous 
studies on retrotransposons in Drosophila (Strand and 
McDonald 1985; Junakovic et al. 1986; Vasilyeva et al. 
1999; Funikov et al. 2015; Cappucci et al. 2019).

We then annotated the TE piRNA clusters in the D. sub-
obscura reference genome, and we found 85 common clus-
ters in the females of both populations, covering around 
1.29% of the reference genome, and 58–73 clusters unique 
of Madeira and Curicó, covering around 0.80–0.84% of the 

reference genome, respectively. This total percentage of 
around 2.10% of the genome annotated as piRNA clusters 
is a bit smaller than the 3.5% found in D. melanogaster 
(Brennecke et al. 2007). However, differences in the detec-
tion method, as well as the higher TE percentage of D. mel-
anogaster (McCullers and Steiniger 2017), and its lower 
genome compaction (Adams et al. 2000), in comparison 
to D. subobscura (Karageorgiou et al. 2019), can explain 
these differences. Nevertheless, the total number of 
piRNA clusters per population was similar to D. melanoga-
ster (142 piRNA clusters) (Brennecke et al. 2007). 
Consistently with what was previously observed in D. mela-
nogaster, most of the piRNA clusters found in this study 
were dual stranded (Théron et al. 2014; Gebert et al. 
2021) and located in the pericentromeric area (Brennecke 
et al. 2007; Théron et al. 2014), which was also the richest 
TE insertion region in the reference genome of D. subobs-
cura (Karageorgiou et al. 2019). We found that 15 of the 
most producing piRNA clusters shared in both populations 
already produced more than 70% of the total piRNAs, as 
in other Drosophila species (Brennecke et al. 2007; Gebert 
et al. 2021). Additionally, we detected that slightly less 
than half of the piRNA clusters identified in Madeira and 
Curicó seemed to be unique for each population, which 
could be explained by the fast piRNA cluster evolution sug-
gested in previous studies (Gebert et al. 2021). piRNA clus-
ter differences within species were also found in other 
studies but in a lesser extent (20–30%) (Wierzbicki et al. 
2023). Nonetheless, the higher percentage detected in 
our study could be explained by the difference in the detec-
tion method used here in comparison to the other study 
(Wierzbicki et al. 2023). On the other hand, we detected 
less piRNA clusters expressed in males, which is consistent 
with the lower piRNA production in testes and the detection 
of more active piRNA clusters in ovaries (Saint-Leandre et al. 
2020). We additionally found that the heat stress seemed to 
have an impact on the expression of the TE piRNA clusters 
leading to a decrease of piRNA production in most piRNA 
clusters in Curicó females. In all other samples, a significant 
increase of piRNA production was observed in some clusters 
and a decrease in others, which agrees with the impact in 
the production of some piRNA clusters previously found 
after heat stress in Drosophila (Funikov et al. 2015). 
However, considering that no changes in piRNA levels 
were detected globally, further explorations are necessary 
to fully understand the production of piRNAs by piRNA clus-
ters. In fact, a recent study in D. melanogaster detected that 
acute heat shock disrupted the localization of several piRNA 
pathway proteins and piRNA cluster heterochromatin, 
leading to a reduction of transcripts in piRNA clusters but 
not of piRNAs mapping to clusters or TEs (Rice et al. 2023).

When we studied the small RNA expression in ovaries and 
testes, we found higher amounts of piRNAs in females than in 
males, as expected according to the previously results 
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reported in Drosophila (Saint-Leandre et al. 2020), consider-
ing the higher efficiency of the piRNA pathway in the ovaries. 
Even though we could not find global significant differences 
in the total amount of piRNAs and siRNAs produced before 
and after a heat shock, in contrast to other genome-wide 
small RNA studies (Fast et al. 2017), we noticed changes in 
the amount of both small RNAs targeting specific TE families. 
The effect of the heat stress on the small RNAs in Drosophila 
has not been extensively studied, and in the cases where it has 
been, results were different. For example, significant changes 
of piRNA amounts of some specific TE families were detected 
in a previous study after a heat shock (Funikov et al. 2015), 
whereas no significant effect in the piRNAs targeting other 
set of TE families was shown in another (Cappucci et al. 
2019). In addition, a transcriptome-based small RNA study 
found temperature-dependent changes of most transposon- 
derived piRNAs (Fast et al. 2017). However, these studies were 
performed in D. melanogaster, and there were also differ-
ences in the heat stresses performed in this study and the pre-
vious ones: short heat stress (Funikov et al. 2015) and three 
heat shock repetitions (Cappucci et al. 2019) or 48-h housing 
at 29 °C (Fast et al. 2017). The effect of the heat stress on the 
siRNAs has been even less studied: in Drosophila, the only 
available study reported an increase of the siRNAs associated 
to some genes (Cernilogar et al. 2011) whereas in plants, an 
increase of siRNA amounts targeting some genes and a de-
crease of the amounts targeting other genes has been re-
ported (Ahmed et al. 2021). Regarding the influence of the 
small RNA amount changes on the TE expression, we could 
not find a clear association of both siRNA and piRNA amount 
changes and TE expression changes. Studies of the effect of 
heat stress in the siRNAs targeting TE families and their influ-
ence in TE expression have not been performed yet. 
Nonetheless, in other studies detecting changes in piRNA 
amounts after heat stress, no correlation between changes 
in piRNA levels and TE transcripts was already reported 
(Funikov et al. 2015; Fast et al. 2017). This could be expected 
by the complexity of the piRNA-mediated TE regulation, 
which includes both a transcriptional and posttranscriptional 
silencing, making difficult to detect a direct correlation be-
tween these two variables (Senti et al. 2015). However, we 
detected some cases of small RNAs and TE expression changes 
after stress: two overexpressed TE families with a significant 
decrease of their piRNA amounts in females belonging to dif-
ferent populations, the overexpression of a TE family with 
higher amounts of siRNAs in males from both populations, 
and a positive general association between piRNA amount 
changes and TE expression in Curicó males, being this last 
one previously observed in control conditions (Kelleher and 
Barbash 2013). Finally, we studied the ping-pong signal in 
our samples, and we detected signature in both females 
and males. Even though this signal has been more studied 
in females, it has also been detected in testes (Saint-Leandre 
et al. 2020), and piRNAs with the ping-pong signature seem 

to be even more abundant in Drosophila spermatogonia 
(Emilie et al. 2016). When we studied the effect of the heat 
shock on the ping-pong signal, we could not find a significant 
effect, finding only 18 TE families with changes on this signa-
ture. This result is in concordance to what was observed by 
other authors, where no significant general effect of the 
heat shock on this amplification cycle was observed in the 
studied TE families, with some exception (Funikov et al. 
2015). However, other study detected an increase of this sig-
nal after 48-h Drosophila housing at 29 °C (Fast et al. 2017), 
which could show an impact in this pathway after a longer 
stress.

Even though we noticed that changes in expression of 
few specific TE families could be explained by their small 
RNA amount changes after heat stress, we did not detect 
this clear association globally, which was in concordance 
with other studies (Funikov et al. 2015; Fast et al. 2017) 
and highlighted that other mechanisms could also be in-
volved in this activation. For example, changes in the epi-
genome affecting TE expression under the genomic stress 
have been observed previously (Bodelón et al. 2022). 
Specifically, Hsp83 was described to be involved in epigen-
etic modification (Tariq et al. 2009), as well as other changes 
in the epigenome have been observed after a heat stress 
(Arrigo 1983; Pauli et al. 1992). Nonetheless, other studies 
have shown that H3K9me3 and H3K27me3 did not signifi-
cantly change after a heat shock in seven TEs studied in the 
germline (Cappucci et al. 2019). They propose that the 
interaction of Hsp70 with the chaperone–Ago3 complex 
in the germline induces the displacement of all factors to 
the lysosomes resulting in a functional collapse of piRNA 
biogenesis that could contribute to TE activation. Finally, 
the location of TEs in the heat shock promoters has been de-
scribed in different Hsps in Drosophila (Lerman et al. 2003; 
Walser et al. 2006). The insertion of TEs near these genes 
could result in an increase of their transcription after a 
heat stress. For example, three small TE sequences have 
been detected next to the promoter of the Hsp83 gene in 
both of our populations (supplementary text S1, 
supplementary Material online) showing that these inser-
tions are also present in our species. Nevertheless, these 
TEs were not activated after a heat stress and further 
work in the germline under heat stress needs to be per-
formed to clarify the mechanism for TE activation, in add-
ition to the role an impact of TE expression in stress 
adaptation.

Materials and Methods

Drosophila Stocks and Crosses

We founded isofemale lines from two D. subobscura stock 
populations, one from an original population from Madeira 
island (Portugal) and another one from a colonizer 
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population from Curicó (Chile). Flies were laboratory main-
tained by mass culturing in a standard Drosophila medium 
supplemented with yeast, a 12:12 light/dark cycle, and the 
optimal temperature of 18 °C for this species (Rego et al. 
2010). Twenty generations later, crosses of 25 males × 25 
females changing the medium every 3–4 days were per-
formed to control larval density. In order to determine the 
inversion polymorphism of the lines under study, males 
were individually crossed to three virgin females from the 
cherry-curled recessive marker strain (ch-cu). This strain is 
homokaryotic for the standard arrangement in all chromo-
somes, except the O chromosome, which is homozygous 
for the O3±4 arrangement (Karageorgiou et al. 2019).

Chromosomal Inversions

For the line inversion identification, we first incubated 
clean and dry slides in a 3xSSC/1xDenhardt’s solution for 
2 and 30 min in a water bath at 65 °C. Slides were cleaned 
with distilled water and immersed in ethanol/acetic acid 
(3:1) at room temperature for 20 min. After air dry, slides 
were stored at 4 °C until use. The glass coverslips were si-
liconized with Repel-Silane (Amersham) solution for 10 s 
and washed in ethanol and distilled water for a few sec-
onds. Third instar larvae salivary glands were dissected in 
NaCl 0.8%, immersed in acetic acid 45% for 1 min, and 
fixed in a 1:2:3 solution (lactic acid:water:acetic acid) for 
4–8 min.

Stress Treatment and Gonad Dissection

Heat shock stress experiments were performed in 5-day-old 
virgin males and females placed in sealed empty vials and 
immersed in water baths at 32 °C for 60 min. Then, they 
were kept at 18 °C for 30 min before gonadal dissection 
in PBT (1× phosphate-buffered saline, 0.2% Tween 20). 
Non-heated samples were maintained at the optimal tem-
perature of 18 °C and then 5-day-old individuals dissected. 
All gonad samples were frozen in liquid nitrogen and stored 
at −80 °C until RNA extraction.

mRNA and Small RNA Extraction, Library Preparation, 
and Sequencing

Total RNA was purified from 20–25 pairs of testes and 6–9 
pairs of ovaries per sample with the Nucleospin RNA purifi-
cation kit (Macherey-Nagel). Samples were sent to 
GenomEast for library preparation and sequencing. 
Duplicate TruSeq Stranded mRNA libraries, corresponding 
to two biological replicates per sample and temperature 
condition, were prepared. Finally, a paired-end sequencing 
was performed for 100 bp read length using the Illumina 
HiSeq4000 technology. Adapter dimer reads were removed 
using DimerRemover (available in https://sourceforge.net/ 
projects/dimerremover/). We obtained 47–117 million 

paired-end reads for each sample, resulting in a total of 
1,192 million paired-end reads.

For the small RNAs, a manual extraction of total RNA 
from 40–45 pairs of testes and 6–10 pairs of ovaries per 
sample was performed using QIAzol (QIAGEN) and the phe-
nol–chloroform method. Small RNA separation, library 
preparation, and sequencing were performed by Fasteris 
SA. Small RNAs of 18–30 nucleotides were purified using 
polyacrylamide gels, and then the libraries were prepared 
(two replicates/sample) using the Illumina TruSeq small 
RNA kit and a specific treatment anti-2S. Finally, a single- 
end Illumina Sequencing was performed for 50 bp reads 
using NextSeq500. Bases that correspond to the adapters 
were removed using Trimmomatic v0.32 (Bolger et al. 
2014), with the trimming options seedMismatches 2, 
palindromeClipThreshold:30, and simpleClipThreshold: 5, 
and inserts were sorted in separate sequence files accord-
ing to their size. We obtained 25–45 million single-end 
reads for each sample, resulting in a total of 459 million 
single-end reads.

De Novo Annotation of TE Families and piRNA Clusters in 
the Reference Genome

RepeatModeler (Flynn et al. 2020) and EDTA (Ou et al. 
2019) with default parameters were used to annotate TE 
families de novo in the D. subobscura reference genome 
(Karageorgiou et al. 2019), detecting 313 and 542 consen-
sus sequences, respectively. Consensus sequences smaller 
than 100 bp (37 sequences) were removed, and a 
MegaBLAST (Morgulis et al. 2008) of all sequences against 
themselves was performed. Consensus sequences were 
clustered as the same TE family when an identity and an 
overlap of at least 80% between sequences of the cluster 
were detected. Promiscuous sequences belonging to 
many clusters (33 sequences) were removed. A total of 
785 consensus sequences of 702 different putative TE fam-
ilies were obtained. All consensus sequences were masked 
using a slow search of RepeatMasker v4.1.2 (Smit et al. 
2013–2015) with the --norna and --nolow parameters 
and as a custom library the Repbase (Bao et al. 2015) data-
base including all described TE Drosophila sequences. With 
these results, we annotated the TE consensus families: 
more than 80% of the sequence was masked by a specific 
TE family, or the superfamilies: percentage of 50%. We 
then used RepeatMasker v4.1.2 (Smit et al. 2013–2015) 
with the same parameters above and the list of TE consen-
sus de novo annotated as the custom library, to detect all TE 
insertions in the reference genome. To merge insertions of 
the same TE, the script “One code to find them all” (Bailly- 
Bechet et al. 2014) with the --unknown and --insert 100 op-
tions was run. Then, all insertion sequences were included 
in a fasta file, and the class, family, and superfamily of each 
insertion in a rosette file, as required by the TEcount module 
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of TETools (Lerat et al. 2017). To verify that TE insertions in 
the reference genome were representative of TE insertions 
in our populations, we produced a de novo transcriptome 
for all four populations-sexes using Trinity v2.15.1 
(Grabherr et al. 2011) with default parameters. The tran-
scriptomes were then masked using RepeatMasker v4.1.2 
(Smit et al. 2013–2015), with the same parameters de-
scribed above and the list of de novo TE consensus as the 
custom library. Trinity transcripts masked with less than 
80% of their length with a TE consensus were filtered out 
to exclude gene transcripts and real or artificial chimeras. 
RepeatMasker v4.1.2 (Smit et al. 2013–2015) with the 
same options was also used to obtain the alignment files 
(including the -a option) of all filtered de novo transcrip-
tomes, and the script calcDivergenceFromAlign.pl (included 
in RepeatMasker) was used to compute TE divergence. 
Finally, a MegaBLAST (Morgulis et al. 2008) alignment be-
tween TE insertions from the reference transcriptome and 
the reference genome was performed to calculate the per-
centage of identical positions.

For the first global piRNA cluster annotation, both repli-
cates of the same population were merged, and only fe-
male samples (higher piRNA production; Saint-Leandre 
et al. 2020) and control conditions were used, to avoid pos-
sible expression changes due to the heat treatment. The 
proTRAC (Rosenkranz and Zischler 2012) software was 
used for piRNA cluster detection. It applies a sliding window 
approach to detect loci that exhibit high sequence read 
coverage and then analyzed them with respect to typical 
piRNA and piRNA cluster characteristics to ensure high spe-
cificity (Rosenkranz and Zischler 2012). We followed the 
software recommendations: TBr2_collapse.pl script to 
remove redundant sequences; TBr2_duster.pl to remove 
low-complexity reads; and sRNAmapper v1.0.5 (Zytnicki 
and Gaspin 2022) for piRNA mapping in the reference gen-
ome keeping only the best alignments. Reallocate.pl (avail-
able at https://www.smallrnagroup.uni-mainz.de/software/ 
reallocate.pl) was run to allocate read counts of multiple 
mapping sequences according to the genomic region tran-
scription rate. Finally, the identification of the clusters was 
performed using proTRAC v2.4.4 (Rosenkranz and 
Zischler 2012) with the specific options of --pdens 0.05 
--clsize 5000 --pimin 23 -1Tor10A 0.3 -clstrand 0.5, the 
RepeatMasker output of the TE insertions, and the tran-
scriptome annotation in the reference genome. These spe-
cific options were previously used to identify clusters in 
other Drosophila species (Gebert et al. 2021). To compare 
the annotated clusters in each population, the regions 
were converted in a bed file using convert2bed of 
BEDOPS v2.4.38 (Neph et al. 2012) and the bedtools 
v2.29.2 (Quinlan and Hall 2010) intersect command. We 
annotated the clusters as common to both populations if 
their coordinates overlapped at least 80%, and the rest 
were considered as population specific. The same intersect 

command was used to study their overlap with exons (using 
the transcriptome annotation) and TE family insertions, and 
clusters were manually curated considering their overlap 
with genes and TE families. They were also annotated if 
most of the insertions were from a specific superfamily or 
class (more than 50% of TE insertions in the cluster). In or-
der to compare the results between samples, the number of 
mapped reads per cluster was extracted from the proTRAC 
output, using the RPM normalization. Although the global 
clusters were annotated in females in control conditions, 
cluster detection was also performed in males and under 
heat stress conditions in both sexes (coordinates overlap-
ping at least 80% with the annotated clusters), and 
mapped reads per cluster were extracted from the 
proTRAC output. Differences in piRNA cluster production 
in heat shock versus control samples were manually com-
puted as log2FC.

Gene and TE Differential Expression Analyses

RNA-seq sequenced reads were trimmed using 
Trimmomatic software v0.39 (Bolger et al. 2014), with 
the parameters LEADING:3 TRAILING:3 SLIDINGWINDOW: 
4:15 MINLEN:36. To study gene expression, trimmed reads 
were aligned to the masked D. subobscura reference gen-
ome (Karageorgiou et al. 2019) using STAR v2.7.9a 
(Dobin et al. 2013) with the --quantMode to count the 
reads per gene using htseq-count (Putri et al. 2022) and giv-
ing the transcript annotation available in the browser. TE 
expression was then analyzed using the TEcount module 
of the TETools pipeline (Lerat et al. 2017). First, the 
RNA-seq data were aligned with the fasta file including all 
TE insertions in the reference genome of D. subobscura 
using Bowtie2 v2.2.4 (Langmead and Salzberg 2012) with 
the most sensitive option and keeping a single alignment 
for reads mapping to multiple positions (–very-sensitive). 
Read counts, per TE family, were computed adding all reads 
mapping on copies from the same family. Count tables, 
corresponding to genes and TEs, were concatenated and 
then used for the differential expression analyses. In this 
way, gene counts were used to normalize TE counts, fol-
lowing the guidelines of TETools pipeline (Lerat et al. 
2017). DESeq2 function from the R Bioconductor package 
DESeq2 v1.34.0 (Love et al. 2014) was used to normalize 
read counts, using the median of ratios method, and read 
counts were modeled using a negative binomial 
distribution.

DESeq2 v1.34.0 (Love et al. 2014) was also used to iden-
tify differentially expressed genes and TE families between 
populations (Madeira vs. Curicó) and conditions (heat 
shock vs. control) performing a Wald test (Love et al. 
2014). The P values were obtained using the results func-
tion from the DESeq2 package and adjusted for multiple 
testing, using the procedure of Benjamin and Hochberg 

Bodelón et al.                                                                                                                                                                  GBE

16 Genome Biol. Evol. 15(11) https://doi.org/10.1093/gbe/evad189 Advance Access publication 17 October 2023

D
ow

nloaded from
 https://academ

ic.oup.com
/gbe/article/15/11/evad189/7319546 by guest on 04 Septem

ber 2024

https://www.smallrnagroup.uni-mainz.de/software/reallocate.pl
https://www.smallrnagroup.uni-mainz.de/software/reallocate.pl


(Benjamini et al. 2001) with an false discovery rate p-value 
cutoff of 0.05. The log2FC was shrunken using the default 
and recommended apeglm algorithm (Zhu et al. 2019) of 
the lfcShrink function. Genes with an adjusted P value low-
er than 0.05 and at least double difference of expression, 
between the evaluated conditions (|shrunken log2FC| > 1), 
were considered as differentially expressed. GO term en-
richment analyses of biological processes were performed 
for the significant differentially expressed genes using the 
topGO R package v2.46.0 (Alexa and Rahnenfuhrer 2020) 
(“weight01” algorithm and Fisher’s statistic). GO belong-
ing to each gene were obtained using eggNOG (Huerta- 
Cepas et al. 2019). Because of the high impact of the P va-
lue adjustment, only the top 25% significant gene ontolo-
gies having the lowest P values were considered as 
enriched. To simplify the analysis, we manually grouped 
the enriched GOs by the most general GO of biological pro-
cess. In addition and to avoid false-positive TE annotation, 
differentially expressed TE families were also analyzed 
with TEAid v4.28.21 software (Goubert) (available at 
https://github.com/clemgoub/TE-Aid) and online BLAST 
(nblast and blastx) (Camacho et al. 2009).

Finally, to confirm heat shock and piRNA pathway gene 
annotation and/or annotate the ones not previously anno-
tated, a reciprocal tblast v2.10.1. (Camacho et al. 2009) of 
the D. melanogaster, Drosophila pseudoobscura, or D. sub-
obscura (if available) proteins, downloaded from UniProt 
(UniProt Consortium 2021), was performed against the pu-
tative gene sequence in the reference genome. A total of 
17 heat shock, 8 heat shock cognate, and 34 genes in-
volved in the piwi pathway were annotated in D. 
subobscura.

Small RNA Analyses

The miRNAs were first annotated in D. subobscura aligning 
each miRNA precursor annotated in D. pseudoobscura 
available in miRBase (Griffiths-Jones et al. 2006), with the 
D. subobscura reference genome using blat (Kent 2002). 
The best alignment (pslReps) was then retrieved and con-
verted in bed format (convert2bed of BEDOPS v2.4.38; 
Neph et al. 2012), and a fasta file with all sequences in 
our reference genome (getfasta of bedtools v2.29.2) was 
obtained. We then mapped the small RNA-seq reads of 
20–23 nucleotides to the miRNA fasta sequences anno-
tated in our reference genome, using Bowtie v1.3.0 
(Langmead 2010) with the most sensitive option (-S) and 
keeping a single alignment for reads mapping to multiple 
positions. Counts were computed using eXpress v1.5.1 
(Roberts and Pachter 2013). To ensure that miRNA produc-
tion was not affected by stress, the miRNA aligned reads 
were normalized by RPM, and their amounts, before and 
after stress, were compared, finding that the differences 
were not significant (t-test, all P ≥ 0.705, supplementary 

table S22, Supplementary Material online). Small RNA 
data were then analyzed with the TEcount module of the 
TETools pipeline (Lerat et al. 2017), and reads of 21 nucleo-
tides (siRNAs) and 23–30 nucleotides (piRNAs) were aligned 
to our custom TE library using Bowtie v1.3.0 (Langmead 
2010) with the most sensitive option (-S), keeping a single 
alignment for reads mapping to multiple positions, com-
puting read counts per TE family and adding all reads 
mapped on copies of the same family. Finally, counts 
were normalized using miRNA total counts, and the differ-
ences in small RNA amounts in heat shock samples versus 
control were computed manually calculating log2FC. TE 
families with 2-fold differences in their piRNA/siRNA 
amounts were considered significant.

Finally, we studied the ping-pong cycle only in the TE fam-
ilies with enough piRNA amounts, which are the ones with a 
sum of piRNA count in all samples higher than the length of 
the TE family consensus, for each sex independently. The 
longest insertion of a TE in the reference genome was consid-
ered as the consensus. With this methodology, we selected 
only 219 families to detect the ping-pong signal. We then 
aligned our piRNA reads (23–30 nucleotides) against these 
TE family consensus using Bowtie v1.3.0 (Langmead 2010) 
(-S option), and we checked for the presence of 10-nt over-
lapping sense–antisense read pairs using the signature.py 
pipeline (Antoniewski 2014). The mean Z-scores and overlap-
ping pair reads for each overlap between the two replicates of 
each sample were computed. We then selected the samples 
with a number of overlapping pairs equal or greater than 50, 
to avoid miscalculations by low read count. We considered 
that there was ping-pong signal when the Z-score for the 
10-nt overlap was larger than 2 and for the rest of overlaps 
equal or lower than 2.

Quantitative Real-Time Polymerase Chain Reaction

qRT-PCR was used to validate the overexpression of the 
gypsy TE-564 in all populations-sexes after a heat stress, de-
tected in the bioinformatic analysis. TE expression was 
quantified by measuring fluorescence intensity using iQ 
SYBR Green Supermix (BioRad, Hercules CA, USA) on a 
CFX96 BioRad Real-Time LightCycler, using TE-specific pri-
mers and an annealing temperature of 59 °C. All assays 
were performed in testes and ovaries in the same condi-
tions as RNA-seq samples, using four biological replicates 
with three technical replicates for each one. The rp49 
housekeeping gene was used as an endogenous control 
by its expression stability, following the protocol described 
in previous D. subobscura work (Puig Giribets et al. 2020). 
Relative expression of TE-564 was then calculated with the 
comparative CT method (Schmittgen and Livak 2008).

TE-564-specific primers were designed in a conserved re-
gion of some expressed TE insertions of this TE family and 
different from other gypsy TE families, to assure family 
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specificity. The primers used for amplification were as fol-
lows: TE564_F (5′-AAC TCG AAT GCT TGG CGG TA-3′) 
and TE564_R (5′-ACT TCG CAT TCC AAA ACC GC-3′) 
that amplified a 226-bp TE region of the putative pol 
gene (supplementary fig. S14, Supplementary Material on-
line). For the rp49 housekeeping gene, the primers RP49F 
(5′-ACA TCG GTT ATG GCT CCA AC-3′) and RP49R 
(5′-GAT TTC CTT GCG CTT CTT TG-3′) were designed 
from a D. subobscura GenBank sequence (accession: 
AJ228921) and amplified a 212-bp segment from the 
gene’s second exon. Primer efficiencies of TE-564 and 
rp49, calculated on a standard curve slope, using serially di-
luted templates, were 100.1% in both cases.

Statistical Tests and Visualization

Five main statistical tests were used in this article, and all 
were performed using R v4.1.3 (R Core Team 2020). The 
two-proportion Z-test was used to compare the distribu-
tions of significant genes and TE families across compari-
sons. The Spearman rank correlation was used to 
compare general gene and TE expression between sexes 
and populations, and the Pearson correlation coefficient 
was used to determine intra- and interpopulation diver-
gence correlation. The Wilcoxon signed-rank test was 
used to compare the cluster production of piRNAs (two 
and one tailed) and the expression of gypsy TE-564 by 
qRT-PCR before and after the heat stress. The t-test was 
used to compare the normalized aligned count reads in 
heat shock versus control for small RNAs. The Fisher exact 
test under independence assumption was computed using 
a 2 × 2 contingency table to detect associations in TE ex-
pression changes in heat shock versus control and the cor-
responding small RNA amount changes. The chi-square 
was used to compare the number of TE families with and 
without ping-pong signal in control conditions and after 
heat stress. Finally, the Kruskal–Wallis test was used to 
compare piRNA cluster production changes in heat shock 
versus control conditions. All the results were corrected 
for multiple testing using the Benjamin and Hochberg 
(Benjamini et al. 2001) method. The plots and visualization 
of the results were performed using the R package ggplot2 
v3.3.5 (Wickham 2016), and alignment images were ob-
tained using Integrative Genomics Viewer (IGV) v2.16.1 
(Robinson et al. 2011).

Supplementary Material
Supplementary data are available at Genome Biology and 
Evolution online (http://www.gbe.oxfordjournals.org/).
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