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Abstract 

Background  Hybridization can trigger phenotypic and transcriptomic changes, leading to reproductive isolation 
and genome evolution. Drosophila is a key model for understanding the genetic basis of speciation, yet the complete 
process leading to hybrid sterility remains unknown. We investigated the regulation of genes and transposable ele-
ments (TEs) from the onset of sterility to fertility recovery through backcrossing.

Results  We studied the testicular transcriptomes of Drosophila buzzatii, D. koepferae, sterile F1 hybrids, from several 
unidirectional crosses, and subsequent backcross generations. F1 hybrids presented testicular atrophy, absence 
of sperm, increased body size, and gene misregulation. Successive backcrosses with D. buzzatii restored gene expres-
sion and fertility in the third generation, but a set of 13 genes remained deregulated, potentially contributing to per-
sistent gene flow barriers. TE expression exhibited a tendency towards underexpression, particularly for D. buzzatii-
derived elements, with partial derepression in subsequent backcrosses. Importantly, 32% of differentially expressed 
genes (DEG) between parental species harbored lineage-specific TE insertions in flanking or intragenic regions, 
suggesting a putative role of these elements in shaping regulatory differences between these species. Regulatory 
divergence analyses identified DEG with cis and trans regulatory changes as prevalent in parental species, whereas 
compensatory regulation was enriched in misexpressed genes in hybrids.

Conclusions  Hybrid incompatibilities may result from extensive deregulation of genes related to development, 
metabolism, and reproduction, possibly combined with the activity of specific TE copies. These findings demonstrate 
the complexity of regulatory incompatibilities in hybrids and the contribution of persistent deregulated genes and TE 
dynamics to postzygotic isolation.
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Background
Hybridization of closely related species is a powerful 
evolutionary force that brings new phenotypes, disrupts 
the established genetic networks, and reinforces the pro-
cesses of reproductive isolation [1, 2]. Postzygotic isola-
tion often manifests through hybrid sterility or inviability, 
typically affecting the heterogametic sex in most animals, 
especially in Drosophila species, as described by Hal-
dane’s rule [3, 4]. The Drosophila genus has long served 
as a model for studying the genetic basis of speciation, 
particularly through the lens of hybrid sterility [3, 5, 6]. 
In the past 20 years, numerous studies have investigated 
this phenomenon through a molecular perspective, pri-
marily based on transcriptomics [4, 7, 8], even leading to 
the identification of a list of putative genes involved in 
hybrid incompatibilities [9]. Indeed, many recent stud-
ies reported gene [4, 7, 8, 10] and transposable elements 
(TEs) misregulation in hybrids [8, 11, 12]. These studies 
also suggested a putative role of TEs in hybrid anoma-
lies [13, 14]. Understanding the changes of expression 
in hybrids compared to parental species is essential to 
unravel their potential role in speciation processes [15, 
16]. The present study investigates the phenotypic and 
transcriptomic consequences in males resulting from 
the hybridization between Drosophila buzzatii and Dros-
ophila koepferae, two species closely related but having 
independent evolutionary trajectories. These cactophilic 
species represent a unique model for studying hybrid 
incompatibility because they combine a well-charac-
terized evolutionary history with an ecological speciali-
zation to arid environments. These species have been 
shown to exhibit strong postzygotic isolation, sterility, 
and instability induced by TEs [17–19], making them 
highly relevant to investigate how regulatory incompat-
ibilities arise in natural systems. Crosses between these 
species give rise to sterile males and fertile females that 
can be backcrossed (BC) with males of either parental 
species. However, because crosses with D. buzzatii males 
are more feasible [20], backcrossing was performed using 
D. buzzatii males [6, 17], gradually restoring male fertil-
ity in the offspring from the third BC generation onwards 
(Fig. 1). Previous work, focused on hybrid females, sug-
gested that interspecific hybridization between these 
species could alter TEs and piwi pathway gene expres-
sion of F1 hybrids [10, 21]. In addition, a female genome 
expansion has also been observed in the first generation 
of backcrossing [19], as previously observed in plants 
[22, 23]. By examining multiple generations of hybrids 
and backcrosses, the present research provides a wide-
ranging overview of how hybridization can disrupt 
developmental, metabolic, and reproductive processes 
in males, and how these disruptions are resolved or per-
sist across generations. Earlier research on these species 

revealed that sterility resulted from a polygenic genetic 
architecture, driven by the combined effects of multiple 
genes, where only two chromosomal regions had major 
phenotypic impacts [17]. These results reinforced the 
evidence accumulated during several decades claiming 
that the number of sterility genes is large, and often with 
small individual effects [24, 25]. Molecular information 
is currently insufficient to elucidate the underpinnings 
of phenotypic disruptions in males. Hybrid gene expres-
sion has primarily focused on F1 hybrids, with limited 
attention to later generations of introgression and with-
out monitoring changes across multiple successive back-
cross generations [2, 26, 27]. In fact, our own previous 
work provided a more limited dataset that included tes-
tes from F1 hybrid males and one parental species [21]. 
A recent review [28] explicitly highlights this gap, not-
ing that the dynamics of gene expression beyond the F1 
stage remain largely unexplored. Our study addresses 
this limitation by systematically analyzing transcriptomic 
changes across F1 and three successive backcross gen-
erations and by providing a unique longitudinal perspec-
tive on regulatory restoration during introgression. Our 
analysis of gene expression across generations identifies 
a subset of deregulated genes that persist through mul-
tiple backcrosses. While most of the observed misregu-
lation is resolved by the successive backcrosses, a core 
group of 13 genes remained deregulated in BC3, which 
are mostly involved in developmental processes and 
metabolism. These persistent expression changes may 
represent entrenched incompatibilities that are difficult 
to purge through backcrossing, potentially contributing 
to long-term barriers to gene flow. By integrating pheno-
typic, transcriptomic, and genetic analyses across multi-
ple generations, the study advances our understanding of 
the mechanisms driving reproductive isolation, TE mis-
regulation, and the evolutionary fate of hybrid genomes.

Results
Increased size and sperm absence in F1 hybrids
We first focused on the phenotypic characteristics of 
the parental species Drosophila buzzatii and Drosophila 
koepferae, and the first generation F1 hybrids. Different 
phenotypic characteristics were measured: colour, size, 
testicular shape, and sperm production. To date, paren-
tal species were phenotypically undistinguishable except 
by the aedeagal size and shape, where the aedeagus (male 
intromittent organ) of D. buzzatii is smaller than that 
of D. koepferae [29]. This finding aligns with prior work 
linking aedeagal morphology to reproductive success in 
Drosophila hybrids [30]. Nevertheless, we described for 
the first time a new distinguishing feature: D. buzza-
tii exhibits a slight orange pigmentation on the thorax 
which is absent in D. koepferae (Additional file 1: Fig. S1). 
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This new differential colour will allow us to easily distin-
guish both species, avoiding using the aedeagus shape, a 
method that requires applying pressure to the fly’s abdo-
men, often causing its death. Regarding hybrids, they 
maintain D. buzzatii thorax colour along all generations, 
making them clearly distinguishable from D. koepferae.

Body size in parental species and every generation 
of hybrids was also measured (Fig.  2A) and compared 
(Additional file 2: Tables S1 and S2). D. koepferae males 
were statistically bigger (p-adj = 5.66 × 10−4) than D. 
buzzatii ones (Additional file  2: Tables S1 and S2). F1 
hybrids exhibited the biggest size (Fig. 2B) with a mean 
of 2.78 mm and a progressive size decrease from the F1 

generation onwards (Additional file  2: Table  S1). When 
hybrid generations were compared with each other and 
with their parents, we observed that all pairwise com-
parisons were significant, except BC1 vs BC2 (Additional 
file 2: Table S2).

F1 hybrid males, in addition to being larger, exhibited 
testes atrophy compared to both parental species (Addi-
tional file 1: Fig. S2A). By dissecting and puncturing the 
testis and their seminal vesicles, we observed that F1 
and BC1 male hybrids did not present any spermatozoa 
(Additional file 1: Fig. S2B). Most of the BC2 hybrids had 
testes atrophy and sperm absence, but some of them had 
more developed testes with cysts, although no mature 

Fig. 1  Diagram of the interspecific crosses. The sequenced and analyzed samples are indicated by the magnifying glass. Next to each parental 
species is the cactus typical of its habitat. Rectangle colours represent the different genomic backgrounds of the individuals involved in each cross. 
Males in red are sterile
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sperm was found in the seminal vesicle. Finally, BC3 
hybrids presented a D. buzzatii-like gonad phenotype 
with motile spermatozoa (Additional file 1: Fig. S2C).

High gene deregulation in F1 hybrid testes vs parental 
species
We first compared the testicular transcriptome of 
the parental species D. buzzatii and D. koepferae, and 
we found that 21.74% of the genes were differentially 
expressed (Additional file  2: Table  S3), with an enrich-
ment of GO terms involved in general processes (meta-
bolic, cellular and multicellular organismal processes, 
localization and biological regulation), but also in some 
interesting functions, such as response to stimulus, 
immune system and developmental processes, repro-
duction and biological processes involved in interspecies 
interaction between organisms (Additional file 2: orange 
in Table S4). We then studied the impact of hybridization 
on the testicular gene expression by comparing the tran-
scriptome of F1 hybrids and three backcross generations 
to each parental species. We detected approximately 
twice as many DEG in F1 hybrid testes vs parental spe-
cies (~ 41% of the genes, Additional file 2: Table S5) than 
when comparing the two parental species (~ 22%, Addi-
tional file 2: Table S3). However, the number of DEG was 
markedly reduced in the backcrosses, with DEG account-
ing for only 23–27% vs D. koepferae and 0.74–5.7% vs D. 
buzzatii (Additional file 2: Table S5 and Two proportion 
Z-test, all p < 0.001, Additional file  2: Table  S6). Among 
these DEG in F1 hybrids vs parental species, there is a 
notable enrichment of GO terms involved in develop-
mental processes and reproduction (Additional file  2: 
Table  S4). In fact, we observed some sperm-related 
GO terms enriched in F1 hybrids vs both parental 

species, such as flagellated sperm motility, sperm individ-
ualization, cilium-dependent cell motility, and axonemal 
dynein complex assembly (names in bold in Additional 
file 2: Table S4). Gene expression in F1 hybrids was also 
detected to be more similar to the maternal species D. 
koepferae than to the paternal species D. buzzatii (Two 
proportion Z-test, p = 0.001, Additional file 2: Table S6). 
As expected, the percentage of DEG in each backcross 
vs D. buzzatii decreased by generation until stabilization 
(BC1, 5.71%; BC2, 2.20%; BC3, 0.74%, Additional file  2: 
Table  S5). Nonetheless, the percentage of DEG in each 
backcross vs D. koepferae approached the differences 
between parental species (BC1, 27.60%; BC2, 23.63%; and 
BC3: 24.26%, Additional file 2: Table S5).

We then classified the DEG in hybrids vs parental 
species in three categories: D. buzzatii or D. koepferae-
like expression, additive expression, and deregulated 
genes, as described in our previous work [8] (Fig. 3A). 
We found a higher number of DEG in F1 hybrids vs 
both parental species (deregulated genes) than in all 
backcrosses (Fig.  3B) with a tendency towards under-
expression. However, deregulated genes had a tendency 
towards overexpression in the backcrosses (Fig.  3B 
and Additional file 2: Table S7). Moreover, deregulated 
genes were enriched in some interesting GO terms 
involved in reproduction and developmental processes 
that are worth mentioning, such as sperm individuali-
zation and flagellated sperm mobility in F1 hybrids, in 
embryonic morphogenesis in BC1, anatomical struc-
ture development in BC2 (examples in bold, Additional 
file  2: Table  S8). Interestingly, most deregulated genes 
in F1 hybrids were also involved in general processes 
that could cause a systematic collapse of the individual, 
such as GO terms involved in protein processing and 

Fig. 2  Male body size of parental species and hybrids. A boxplot representing the measures of male body size for parental species and every hybrid 
generation. B picture of males from D. koepferae, D. buzzatii, and F1 hybrids
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transport, mitochondrial functions, metabolic pro-
cesses, or cell organization (Additional file 2: Table S8). 
In fact, the most affected KEGG pathway in F1 hybrids 
(Additional file 2: Table S9) was the metabolic pathway 
(306 DEG), mainly those genes involved in energetic 
metabolism as oxidative phosphorylation or TCA (tri-
carboxylic acid cycle), where a clear downregulation 
was observed throughout the cycle (Additional file  1: 
Fig. S3A). The motor protein pathway was also affected 
by the deregulation of the motor protein structural 
genes, which were mostly underexpressed and affected 
mainly the axonemal dynein, kinesin, and myosin 
(Additional file 1: Fig. S3B).

Due to the observed increase in body size in hybrids, 
we checked two interconnected pathways related to 

this phenotype in Drosophila melanogaster: mTOR 
and insulin signaling, where several genes were dereg-
ulated in our F1 hybrids. These pathways include 
genes involved in cell growth and proliferation pro-
cesses (Ras, Lkb1) and some genes related to male 
sterility, such as gskt or eIF4E genes (Additional file 1: 
Fig. S4). When we extended the analysis to genes in F1, 
related to an increase in body size reported in FlyBase, 
we detected 26 DEG vs parental species. Among these 
genes, 69% exhibited overexpression (Additional file 1: 
Fig. S5), such as sit, RPs6, and Ras85D, whereas 23% 
were underexpressed vs both parental species (e.g., 
Tor, Hr4, Dis3L2).

Fig. 3  Differential expression analyses of genes. A Expression categories in hybrids vs parental species. B Number of differentially expressed 
genes (over and underexpressed) in hybrids and backcrosses vs parental species from the total of annotated genes. Colours indicate gene 
expression categories. C Venn diagrams showing the number of differentially expressed genes shared by generation in F1 hybrids and backcrosses 
vs D. buzzatii (blue) and D. koepferae (green). Differentially expressed genes maintained in each generation are shown in bold black. Deregulated 
genes in hybrids vs both parental species maintained in each generation are shown in bold red. D Heatmap of the 34 differentially expressed genes 
maintained as deregulated in F1 hybrids, BC1, and BC2. Names of the orthologs in D. melanogaster are shown when available (bottom 24 genes). 
For the rest, the annotation identification number is shown (top 10 genes)
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Differential expression of specific genes is maintained 
across hybrid generations
We then studied the DEG in hybrids vs parental species 
that were shared by generations and maintained in each 
cross (Fig. 3C). We found lower percentages of genes that 
shared differential expression in different generations in 
comparison to D. buzzatii than to D. koepferae and also 
of genes that maintained differential expression until the 
last backcross (42 vs D. buzzatti and 1231 vs D. koep-
ferae, bold numbers in Fig.  3C). Moreover, the percent-
age of DEG shared between backcrosses increased across 
generations (Fig. 3C) vs D. koepferae and decreased vs D. 
buzzatii. This can be explained by the introgression of 
the D. buzzatii genome in the hybrid genome through the 
different generations of backcrossing. This idea is sup-
ported by the detection of enriched GO terms between 
backcrosses involved in functions already detected when 
the parental species were compared, such as proteolysis 
or peptidoglycan catabolic and mannose metabolic pro-
cesses (bold names in Additional file 2: Table S10).

Regarding deregulated genes, we observed that 220 
genes were maintained as deregulated vs both parental 
species from the first generation to the BC1 (red num-
bers, Fig.  3C) and were involved in general processes 
that could affect individual homeostasis, such as protein 
autoprocessing, embryonic morphogenesis, stabiliza-
tion of membrane potential, or intein-mediated protein 
splicing (bold names in Additional file  2: Table  S11). In 
addition, 34 of these genes were still deregulated in BC2 
(red numbers, Fig. 3C), and this number dropped to 13 
in BC3. The study of these 34 deregulated genes (Fig. 3D) 
showed that they were mostly overexpressed and com-
monly expressed in primal developmental embryo/larval 
stages. They are also involved in the formation of differ-
ent structures, such as the digestive or nervous system 
(Additional file  2: Table  S12). In addition, we detected 
deregulation of a gene (CG11498) involved in mitochon-
drial protein catabolic process expressed in spermatozoa 
and a gene whose expression increases in response to the 
Gypsy retrovirus (Gagr). The expression of most of these 
genes, including the latter, was recovered in BC3 (Fig. 3D 
and yellow genes in Additional file 2: Table S12). They are 
associated with different functions such as development 
(Jabba, CG3348) and metabolism (Tsf3, Mal-B1, CG9497 
and Antdh), among others. Only 13 genes were main-
tained deregulated along all generations (Fig.  3D), and 
most of them are involved in developmental processes 
(Ugt37E1 and Tsp29Fa) and metabolism (CG4757 and 
CG33120).

Finally, we studied the distribution of DEGs between 
autosomes and sex chromosomes (Additional file  2: 
Table  S13). We observed a different number of DEGs 
in most F1 hybrids and backcrosses, compared to the 

parental species, with a trend to be overrepresented in 
the sex chromosomes. Comparisons between the sexual 
chromosomes and autosomes showed significant dif-
ferences in the number of DEGs in F1 hybrids vs D. 
koepferae species, but not vs D. buzzatii. Regarding 
backcrosses, the three BCs were significantly different 
between autosomes and sex chromosomes vs D. buzzatii, 
but not in D. koepferae (Additional file 2: Table S13).

Deregulation of genes involved in reproduction 
and sterility in hybrids
To gain insight into the effect of hybridization on repro-
duction and sterility, we analyzed the genes involved in 
the following GO terms: spermatogenesis, male gam-
ete generation, male sterility, male infertility, sexual 
reproduction, reproduction process, and reproduction. 
From the 1497 annotated genes involved in these func-
tions, we observed that ~ 45% already showed differential 
expression between parental species (Additional file  2: 
Table  S14). Focusing on the hybrids, we detected that 
around 68% and 65% of these genes were differentially 
expressed in F1 hybrids vs D. buzzatii or D. koepferae, 
respectively (Additional file 2: Table S14). Among them, 
only 26% exhibited differential expression with respect to 
both parental species (383 deregulated genes, Additional 
file  2: Table  S15). In BC1, a high proportion of these 
genes were still differentially expressed vs D. buzzatii or 
D. koepferae (35.40% and 57.38% respectively, Additional 
file 2: Table S14), but only ~ 2% were deregulated (Addi-
tional file 2: Table S15). In the following backcrosses, the 
percentage decreased when compared to D. buzzatii and 
stabilized when compared to D. koepferae (Additional 
file 2: Table S14), and most of these genes were not dereg-
ulated (maximum of 0.53%, Additional file 2: Table S15). 
Regarding spermatogenesis genes (total 297) reported in 
FlyBase (FlyBase 2024_05 Dmel Release 6.60), 105 were 
underexpressed and 11 were overexpressed in F1 hybrids 
vs both parental species (Additional file  1: Fig. S6A). In 
addition, we analyzed sperm motility genes, finding 21 
deregulated genes underexpressed in F1 hybrids (Addi-
tional file 1: Fig. S6B).

When we focused on the deregulated genes main-
tained by generation, we observed that only 20 genes 
involved in reproduction and sterility were deregulated 
in F1 and BC1 vs both parental species (Additional file 2: 
Table  S15), which corresponded to 9.1% of the deregu-
lated genes maintained in the first two generations. The 
in-depth study of these genes (Fig. 4A) showed that some 
of them (mil, Fas3, Eip74EF, fan, and rpk) were involved 
in spermatogenesis or spermatozoa mobility and were 
mostly overexpressed in the hybrids, except fan and mil 
(bold red genes in Additional file  1: Fig. S6A) and their 
specific functions are described in Additional file  2: 
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Table S16. Only 2 and 5 genes involved in reproduction 
and sterility were still deregulated (log2FC >|1|, Addi-
tional file 2: Table S15) in BC2 compared to D. buzzatii 
(CalpA and hh) and D. koepferae (CG16995, dsx, Idgf3, 
rpk, Sox 100B), respectively (Fig. 4A).

The genes from the Y chromosome play an important 
role in Drosophila male fertility [31]. Thus, we analyzed 
their expression between parental species and observed 
that all of them were differentially expressed (Fig.  4B). 
In F1 hybrids, we detected that all genes were underex-
pressed vs both parental species. However, some of these 
genes recovered their expression in BC1 by showing addi-
tive expression. Gene expression in BC2 tended to be like 
D. buzzatii, except for kl-3, which was overexpressed in 
most backcrosses vs both parental species (Fig. 4B). It is 
important to note that some Y genes in D. melanogaster 
migrated to autosomes in D. buzzatii and D. koepferae 
species, and they show the same underexpression ten-
dency as those that remained on the Y chromosome in 
D. melanogaster (Additional file 1: Fig. S7). Nevertheless, 
they recovered their expression in BC1, one generation 
earlier than those of the Y chromosome, except for PRY, 
which recovers in BC2.

We finally examined the expression of the piRNA path-
way genes for their role in germline TE silencing [32] and 
interspecific male sterility [33]. As observed in Fig.  4C, 
we found differential expression for most of these genes 
in testes when parental species were compared. Regard-
ing F1 hybrids, we detected a few deregulated genes vs 
both parental species: overexpression of Ago3, aubergine, 
Gasz, Hel25E, and vasa, and underexpression of Fmr1, 
fs(1)Yb, hop, and papi. In the backcrosses, we observed 
that, in general, gene expression progressively shifted 
toward the values observed in D. buzzatii or was additive 
between parental species, and hence parental differences 
were maintained. However, some deregulation was still 
detected in BC1: overexpression of Gasz vs both paren-
tal species, and underexpression of Ago3, mael, papi, and 
spn-E. Finally, we detected an overexpression of fs(1)Yb vs 
both parental species in all backcrosses.

Transcriptional variation associated with cis‑ 
and trans‑regulatory changes
Differences in gene expression between species are often 
attributed to regulatory divergence, which can occur in 
cis, through mutations in regulatory DNA sequences; 
or in trans, via changes in the abundance or activity of 

Fig. 4  Expression changes on testes of specific gene groups in hybrids and backcrosses vs parental species. A Deregulated genes in F1 hybrids 
and BC1 involved in reproduction and sterility. Genes in red letters are involved in spermatogenesis. The gene in green letters is related to a sterile 
phenotype. B Chromosome Y genes. 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)
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regulatory factors such as transcription factors or non-
coding RNAs. To assess the extent and nature of regu-
latory divergence between D. buzzatii and D. koepferae, 
we performed allele-specific expression (ASE) analyses 
in testes, building on our previous framework [8] and 
categorizing genes in the classes described in McManus 
et  al. [34]. These categories differentiate between cis-
only, trans-only, cis + trans, cis × trans, compensatory, 
and conserved regulation. As shown in Fig.  5A, most 
genes (32.87%) did not show regulatory divergence 
between parental species and were categorized as con-
served. Regarding genes with regulatory divergence, we 
detected more genes showing cis-regulatory divergence 
(10.18%) than trans (8.64%) (Z-test, p = 3.19·10–4, Addi-
tional file 2: Table S17). We then analyzed how the regu-
latory divergence influenced gene expression between 
parental species, and we found more DEG with both cis- 
and trans-regulatory divergence (Fig.  5B, Fisher’s exact 
test, p < 0.01, Additional file 2: Table S18) than expected. 

Therefore, the regulatory divergence between parental 
species seems to account for the differences in expres-
sion, slightly stronger in the case of trans-regulatory 
divergence. Finally, we studied how the regulatory diver-
gence between D. buzzatii and D. koepferae influenced 
gene expression in hybrids by grouping DEG in hybrids 
vs parental species by their expression category (Fig. 3A). 
We found a significantly higher number of genes with 
compensatory regulation (cis- and trans-regulatory dif-
ferences that compensate each other) in F1 deregulated 
genes than in other expression categories (Fig. 5C, Fish-
er’s exact test, all p < 0.001, Additional file 2: Table S19). 
Regarding the backcrosses, we observed that compensa-
tory regulation still seemed to be common in deregulated 
genes.

Reduced TE activity in F1 hybrids and backcrosses
To analyze the effect of hybridization on TE expression, 
we first annotated the TE content of D. buzzatii and D. 

Fig. 5  Regulatory changes affecting gene expression between parental species. A pie chart showing the percentage of total genes 
categorized by regulatory divergence between parental species. B number of differentially expressed genes between parental species 
with trans- or cis-regulatory divergence. C number of differentially expressed genes in hybrids and backcrosses vs parental species, grouped by each 
regulatory category and per differential expression category. Fisher’s exact test results are shown in the top of B and C. ***: p < 0.001
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koepferae. We detected that around 15% of the sequenced 
genomes (both of a size of ~ 175 Mb) were covered by 
putative TE families (Additional file  1: Fig. S8A). The 
TE content was mostly derived from Rolling Circle (RC) 
or LTR orders (around 9% in D. buzzatii and 10% in D. 
koepferae, Additional file  1: Fig. S8A). The annotated 
elements with the greatest number of insertions in the 
parental genomes were Helitrons, followed by TcMar-Tc1 
and Gypsy superfamilies (Additional file 1: Fig. S8A). We 
annotated a total of 35,032 TE copies in D. buzzatii and 
29,942 in D. koepferae, but only 5.48% (1919 copies) and 
5.66% (1695 copies) were expressed in D. buzzatii and D. 
koepferae, respectively.

We then studied the impact of hybridization in TEs by 
analyzing the expression of each TE copy coming from a 
parental species in F1 hybrids and backcrosses compared 
to the parental species they came from. Only 20% of the 
D. buzzatii copies and 12% of the D. koepferae copies 
were expressed in a parental species or a hybrid (Addi-
tional file 2: Table S20). We then analyzed the expression 
of these active TE copies in F1 hybrids and backcrosses. 
We detected more expression differences of D. buzzatii-
TE copies in F1 hybrids than of D. koepferae ones (24.27% 

of differentially expressed TE copies vs D. buzzatii and 
5.77% vs D. koepferae, two proportion Z-test, p < 0.001, 
Additional file 2: Tables S21 and S20), in both cases with 
a tendency towards underexpression vs parental species. 
In the backcrosses, we detected a significant decrease 
of expression differences vs D. buzzatii (Two propor-
tion Z-test, all p < 0.001, Additional file 2: Tables S21 and 
S20) until stabilization, with a tendency towards under-
expression in BC1 and overexpression in BC2 and BC3 
(Additional file 2: Table S20). TE copy differential expres-
sion vs D. koepferae significantly increased (Two pro-
portion Z-test, all p < 0.001, Additional file 2: Tables S21 
and S20) by generation, always with a tendency towards 
underexpression.

Focusing on the superfamilies of the differentially 
expressed TE copies, we detected overexpression 
mainly of Helitrons in F1 hybrids vs both parental spe-
cies, whereas superfamilies belonging to Gypsy and R1 
were also highlighted in the backcrosses (Fig.  6A and 
Additional file  2: Table  S22). Underexpressed TE cop-
ies were mostly from Helitron and Gypsy superfamilies 
in F1 hybrids and backcrosses (Fig.  6A and Additional 
file  2: Table  S22). Then, we analyzed in more detail the 

Fig. 6  Differential expression analyses of TEs: A Number of differentially expressed TEs in hybrids and backcrosses vs parental species by TE 
superfamily. B Expression differences (log2FC) for the differentially expressed TE families in F1 hybrids vs both parental species (as deregulated 
TE families). C Venn diagrams showing the number of differentially expressed TE copies (top) and families (bottom italic) shared by generation 
in F1hybrids and backcrosses vs D. buzzatii (blue) and D. koepferae (green). Differentially expressed TEs maintained in each generation are 
shown in bold. D Venn diagram of the significant differentially expressed genes between D. buzzatii and D. koepferae with different TE insertions 
between parental species inside, or 5 kb upstream or downstream
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most differentially expressed TE copies in hybrids and 
backcrosses vs parental species. We found that the most 
50 overexpressed and underexpressed TE copies vs D. 
buzzatii were mainly detected in F1 hybrids (Additional 
file 1: Fig. S9A and B). However, we also observed strong 
activation in the backcrosses, specifically in BC2 and 
BC3. The 50 most activated TE copies vs D. koepferae 
were mainly found in F1 hybrids (Additional file  1: Fig. 
S10A), with also a few activations in the backcrosses. 
Nonetheless, the 50 most underexpressed TE cop-
ies in hybrids vs D. koepferae were mainly shown in the 
backcrosses due to the introgression of the D. buzzatii 
genome (Additional file 1: Fig. S10B).

To analyze the overall TE family expression, we com-
pute the mean log2FC of all expressed TE copies of a 
TE family, and we consider as significantly differentially 
expressed the TE families with a mean absolute log2FC of 
at least 0.5. At a family level we can still detect more dif-
ferences in TE family expression in F1 hybrids vs D. buz-
zatii than vs D. koepferae (76.65% of the TE families vs 
D. buzzatii and 19.35% vs D. koepferae, Additional file 2: 
Table  S20), with a general trend towards underexpres-
sion. The number of differentially expressed TE families 
in the backcrosses decreased vs D. buzzatii and increased 
vs D. koepferae, mostly with a tendency towards under-
expression (Additional file  2: Table  S20). However, we 
detected 16 TE families that were deregulated in F1 
hybrids vs both parental species (Fig. 6B): 15 were under-
expressed (5 DNA TE superfamilies, 6 LTRs: from which 
5 were Gypsy, one LINE, and 3 unknown) and 1 Helitron 
was overexpressed.

We then analyzed how many differentially expressed 
active TE copies (and TE families in italics) were differ-
entially expressed in more than one hybrid generation 
(Fig.  6C), and which ones were maintained as differen-
tially expressed in the backcrosses (curved arrow num-
bers). We detected that most differentially expressed TE 
copies in F1 hybrids vs D. buzzatii were not differentially 
expressed in the backcrosses. However, 15 of these cop-
ies were still deregulated in BC2. We also detected that 
most differentially expressed TE copies in F1 hybrids vs 
D. koepferae were maintained in BC1, and this number 
increased by generation, as it does when we focus on the 
family level. In addition, 114 TE copies were maintained 
as differentially expressed from F1 and until BC3.

TE insertions and gene expression variability in parental 
species
We observed that 32.44% of the DEG (820 genes) 
between D. buzzatti and D. koepferae were detected to 
have different TE insertions between parental species in 
flanking regions or inside (Fig.  6D). Since TEs can alter 
gene expression when inserted within or near genes, 

we analyzed whether the differences in gene expression 
between parental species could be related to different 
nearby TE insertions close (± 5 kb upstream or down-
stream) or inside genes. To this end, we identified genes 
harboring species-specific insertions, such as those pre-
sent in one species but absent in the other, versus genes 
lacking insertions in both species. In addition, we quan-
tified genes exhibiting conserved insertions across both 
species and contrasted them with genes containing diver-
gent TE insertions. Our results showed that when the 
insertion is present in one species and absent in the other, 
an effect on the gene expression is detected. The odds 
ratio (OR) is > 1 in the three gene regions, suggesting that 
the likelihood of having differential expression is higher 
in the genes with TE insertion in one species vs the genes 
without TE insertion in any of the species (Fisher’s exact 
test, all p < 0.05 Additional file  2: Table  S23). Upstream 
and downstream regions of genes with the same inser-
tion in both parental species vs those having different 
insertions did not show statistically significant associa-
tion between insertion type and expression difference 
(Fisher’s exact test, p > 0.05, Additional file 2: Table S23). 
However, a significant association is observed when the 
differential insertions were located inside the gene. In 
this case, OR values < 1 indicate that genes with the same 
insertion are less likely to exhibit differential expression 
compared to those with different insertions. These results 
suggest that TE insertions between parental species 
might lead to a species-specific expression, supporting 
the importance of TE expression in gene regulation.

Discussion
Hybridization between Drosophila buzzatii and D. koep-
ferae offers a unique opportunity to dissect the molecu-
lar basis of postzygotic isolation. Here, we combined 
phenotypic, transcriptomic, and TE analyses across F1 
and three backcross generations to investigate the ori-
gin of hybrid sterility and how it resolves. We detected 
a complex landscape of misregulation that includes gene 
expression, TE activity, regulatory divergence, and chro-
mosomal effects.

Phenotypic anomalies in F1 hybrids
Phenotypic assessment confirmed that F1 hybrid males 
exhibit significant testicular atrophy and lack of motile 
sperm, aligning with previous studies of hybrid steril-
ity in Drosophila [3, 4]. This sterility was coupled with 
an increase in body size in hybrids compared to both 
parental species, followed by a progressive reduction in 
subsequent generations (BC1–BC3). The enlarged size 
in F1 hybrids is not new and may reflect gene overdomi-
nance, a phenomenon documented in other Drosoph-
ila hybrid systems [35]. It is well established that many 
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genes are associated with body size, and some of them 
have been linked to mTOR and insulin-signaling path-
ways [36]. We observed dysregulation of this gene cat-
egory in F1 hybrids, which includes overexpression of 
known growth-related genes such as Ras85D or RPS6. 
These genes have been associated with an increase in 
pupal size [37] or cell proliferation [38] and increased 
protein synthesis [39], respectively. On the other hand, 
some body size-related genes showed underexpression 
in F1 compared to parental species. While it is true that 
the underexpression of most genes cannot be directly 
linked to the increased body size observed, at least two 
underexpressed genes (Hr4 and Dis3l2) have been associ-
ated with size increases in Drosophila [39, 40], and they 
could contribute to the increased size observed in our 
hybrids. Most genes recovered the expression levels of D. 
buzzatii after the F1 generation due to the introgression 
of this species’ genome through successive backcrosses. 
However, two genes—Oamb and Alk—remained overex-
pressed in the BC1 generation compared to both parental 
species. These genes are involved in pupal size [41] and 
growth regulation [42] in Drosophila. In the BC2 and 
BC3 generations, all genes largely recovered the expres-
sion profile of D. buzzatii, which may account for the 
gradual reduction in body size.

F1 and BC1 hybrids exhibited complete testicular atro-
phy and absence of spermatozoa, while subsequent gen-
erations showed partial recovery: cysts without mature 
sperm (BC2) or restored motility (BC3). Testicular atro-
phy was already reported in hybrids between these [6] 
and other [43] Drosophila species. F1/BC1 testicular 
atrophy could physically impede sperm release, mirroring 
the azoospermia in D. willistoni [44] and D. mojavensis 
[45] hybrid sterility. These results underscore the com-
plexity of genetic interactions in speciation, where mor-
phological and physiological traits synergistically limit 
gene flow between closely related species already pointed 
out and compiled by other authors [15, 46].

A widespread gene deregulation in hybrids
The transcriptomic analysis of testicular gene expres-
sion in hybrids and backcrosses between D. buzzatii and 
D. koepferae revealed extensive regulatory divergence 
and hybrid misexpression. These findings align with and 
expand upon recent literature on regulatory evolution 
and hybrid incompatibilities in Drosophila [2, 47, 48] and 
other taxa [49]. The comparison of testicular transcrip-
tomes of the parental species D. buzzatii and D. koepferae 
already revealed that 21.74% of the genes were differen-
tially expressed and involved in a wide range of biologi-
cal processes, such as cellular functions or metabolism. 
Remarkably, more specific function-related GO terms 
were also enriched; for example, response to stimulus, 

immune system processes, developmental processes, and 
reproduction. These findings are consistent with previous 
studies showing that reproductive tissues tend to exhibit 
accelerated transcriptomic evolution and high levels of 
regulatory divergence [50, 51]. However, the percentage 
of DEGs was higher than reported before (5.9%) in these 
species in ovaries [8]. Furthermore, these expression dif-
ferences are not only detected in germline tissues since 
similar patterns were also detected in larval and head 
tissues in other studies [52, 53], showing that these spe-
cies have developed distinct transcriptional strategies in 
response to their different ecological environments.

In F1 hybrids, the percentage of DEG (~ 41%) is twice 
as high as the value observed between the parental spe-
cies, with strong enrichment in metabolic, develop-
mental, and reproductive processes, for example sperm 
motility and individualization of sperm. These values are 
higher than those obtained in hybrid females (~ 4%) of 
these same species in a previous study [8]. This result is 
not unexpected, given that hybrid females are fertile or 
semi-fertile, in contrast to males, which are completely 
sterile [54]. The findings obtained in hybrid males agree 
with previous research results showing that reproductive 
tissues, especially testes, are hotspots for rapid evolution 
of gene expression and divergence between species [27], 
often driven by sexual selection and reproductive isola-
tion processes. Some metabolic pathways, especially the 
ones associated with oxidative phosphorylation and the 
TCA cycle, are downregulated in F1 hybrids, suggest-
ing compromised energetic metabolism. Mitochondrial 
dysfunction and hybrid sterility were reported in plants 
[55] and, in Drosophila, a transgressive misexpression in 
pathways including metabolism was also observed [2]. 
This increased misexpression in hybrids is an indicator 
of hybrid dysfunction and sterility, as reported in other 
Drosophila hybrid systems, such as D. melanogaster × D. 
simulans. In this case, misregulation in reproductive tis-
sues underlies postzygotic isolation [27]. Deregulated 
genes in our F1 hybrids were primarily underexpressed, 
consistent with a collapse in development and reproduc-
tion gene networks. These results are consistent with 
those that show extensive evidence for downregulation of 
various spermatogenesis genes, a common trait for sterile 
hybrid males of Drosophila [43, 56] and Caenorhabditis 
[57].

A gradual resolution of gene misregulation occurred 
across generations, with only 0.74% of genes differ-
entially expressed in BC3 vs. D. buzzatii, indicating 
near-complete transcriptomic restoration by the third 
backcross. This result represents a novel contribution 
of this study since previous research has focused pri-
marily on F1 hybrids or isolated backcrosses, without 
tracking regulatory changes over multiple generations 
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[26, 28]. This perspective offers insights into how intro-
gression may mitigate gene misregulation and could 
serve as a basis for models of how to reverse hybrid 
incompatibility. Interestingly, expression profiles in 
F1 hybrids are biased toward the maternal species (D. 
koepferae), suggesting a maternal bias in F1 hybrid 
expression concordant with previous studies showing 
that maternal contributions are often central to hybrid 
gene expression [58, 59]. However, backcrosses showed 
progressive similarity with D. buzzatii expression, con-
sistent with the expected genomic replacement dur-
ing introgression. However, the proportion of DEG vs 
D. koepferae remained rather stable across generations 
(~ 24%), reflecting lasting interspecific regulatory diver-
gence and suggesting asymmetric regulatory compat-
ibility between nuclear genomes rather than maternal 
effects or cytoplasmic inheritance. Given that the cyto-
plasm in all backcross generations is derived from D. 
koepferae, the observed transcriptional patterns may 
instead be influenced by complex regulatory interac-
tions between parental genomes and/or the introduc-
tion of the D. buzzatii Y chromosome, which has been 
shown to impact gene expression and male phenotypes 
in Drosophila [60–62]. Nevertheless, although maternal 
inheritance could potentially play a role, we cannot ver-
ify this hypothesis due to the unviability of the recipro-
cal cross between these species [54].

In F1 and BC1 hybrids, 220 DEG compared to both 
parental species were shared, and a substantial number of 
them were associated with developmental, reproduction, 
and metabolic functions. Only 34 persisted as deregu-
lated (most overexpressed) in the BC2 generation, and 
only 13 continued to be deregulated in BC3 individuals. 
Among the genes whose expression levels were restored 
to those of D. buzzatii in the BC3 generation, we found 
genes such as Dscam2 and Glt that ensure axonal tiling, 
synaptic specificity, and tissue integrity during develop-
ment in Drosophila [63, 64]. Among the genes whose 
deregulation persisted in BC3, we found genes associated 
with metabolism and developmental processes such as 
Ugt37E1 and Tsp29Fa, related to detoxification, meta-
bolic regulation [65], and maturation of secretory gran-
ules (SGs) during development [66], respectively. Other 
genes, such as CG4757 and CG33120, were also dereg-
ulated until BC3 and have roles in neural/sensory func-
tions and lipid modification processes, respectively [67]. 
This is in concordance with the results of other reported 
studies, with F2 hybrids and backcrosses showing trans-
gressive expression of some genes [28]. Some authors 
have interpreted these results by suggesting that altered 
gene expression patterns may arise because of hybridiza-
tion itself, rather than being inherently associated with 
hybrid incompatibilities [51].

On the other hand, our analyses indicate that DEGs in 
F1 hybrids and backcrosses are not randomly distributed 
across the genome but tend to be overrepresented on the 
sex chromosomes. This pattern is particularly evident in 
comparisons between F1 hybrids and D. koepferae, where 
the number of DEGs on the sex chromosomes was signif-
icantly higher than on the autosomes. A similar but more 
restricted pattern was observed in backcrosses, where 
only significant enrichment on the sex chromosomes 
compared to D. buzzatii was found. Differences in gene 
expression between the X chromosome and autosomes 
have been previously reported. However, patterns vary 
across studies, with some showing an excess of X-linked 
DEGs [68], others a depletion [69], and some no signifi-
cant differences [70]. Overall, our results seem to support 
the idea that sex chromosomes might be hotspots of reg-
ulatory changes and misregulation of genes in hybrids, 
but additional studies will be necessary to confirm this 
observation.

Misregulation of reproduction‑related and Y‑linked genes 
in hybrids
Our transcriptomic analysis showed that out of the 1497 
genes associated with reproductive functions (e.g., sper-
matogenesis, male gamete generation, and sexual repro-
duction), around 65% were expressed differentially in 
testes of F1 hybrids compared to each parental species. 
From these, 26% (~ 383 genes) were classified as dereg-
ulated, meaning they significantly deviated from the 
expression of both parental species, a strong signature 
of hybrid-specific misregulation. Some of these genes 
are well-known for their roles in spermatogenesis in D. 
melanogaster, such as mil, fan, and Eip74EF (Fig. 3A). For 
example, mil encodes a kinase important to sperm tail 
formation and fertility; mutations in this gene can cause 
male sterility due to defective sperm individualization 
[71]. fan encodes an important protein for sperm devel-
opment [72] and Eip74EF, a transcription factor induced 
by ecdysone, is essential for later stages of spermatogen-
esis [73]. The consistent deregulation of these genes in 
both F1 and BC1 males indicates direct transcriptional 
disruption of the gametogenic program, supporting the 
idea that developmental arrest is causing the absence of 
sperm, as observed in these two hybrid generations [44].

By the BC3 generation, the number of deregulated 
reproduction-related genes was drastically reduced, 
with only two genes showing a slight overexpression 
(log2FC < 1): Idgf3 and dsx. The first gene encodes an 
imaginal disc growth factor involved in morphogenesis 
and male fertility, likely through effects on testis develop-
ment and epithelial remodeling [74]. dsx is a master sex-
determination gene whose alternative splicing regulates 
sex-specific differentiation, including testis and accessory 
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gland development [75]. The persistence of dsx mis-
regulation has been associated with a disruption in the 
sexual identity of gonadal tissues in sterile interspecific 
Drosophila males [4, 47]. Nevertheless, considering that 
most BC3 hybrids are fertile and show fold change val-
ues lower than 1 compared to D. buzzatii, this expression 
difference does not seem to play a significant role in the 
recovery of fertility.

Y-linked genes, critical for male fertility and spermat-
ogenesis, were uniformly underexpressed in F1 hybrid 
testes (Fig.  4B), a trend similarly observed in D. mela-
nogaster × D. simulans hybrids [76]. These genes include 
well-known fertility factors such as kl-2, kl-3, and kl-5, 
which encode axonemal dynein heavy chains required for 
sperm flagellar motility [77, 78]. The consistent underex-
pression of these genes in F1 hybrids suggests transcrip-
tional incompatibilities that have been associated in other 
studies with improper chromatin remodeling or failure of 
the male-specific lethal (MSL) complex to engage prop-
erly with heterochromatic Y regions [79]. The expres-
sion of most Y-linked genes persisted in BC1, consistent 
with the male azoospermia, but was restored by BC2 vs 
D. buzzatii (log2FC < 1). The only gene that remained 
slightly overexpressed until BC3 was kl-3, indicating a 
possible compensatory overshoot or dosage imbalance. 
Overexpression of axonemal dyneins can disrupt flagellar 
assembly and function [80], and its persistence in back-
crosses may reflect suboptimal regulatory tuning even 
after fertility is phenotypically restored.

Regulatory divergence as a driver of hybrid gene 
misexpression
Cis- and trans-regulatory changes have repeatedly been 
implicated in both evolutionary divergence of gene 
expression and the misregulation observed in interspe-
cific hybrids, where incompatible regulatory interac-
tions can emerge [34, 81, 82]. A large proportion of genes 
(32.87%) showed conserved expression, indicating similar 
regulatory architecture in the testes of both parental spe-
cies (Fig. 5A). However, many genes exhibited regulatory 
divergence, with cis-regulatory divergence (10.18%) being 
more frequent than trans-regulatory divergence (8.64%), 
underscoring the key role of cis-elements in creating 
species-specific expression patterns. These results are in 
concordance with those observed in other Drosophila 
species pairs (e.g., D. melanogaster × D. simulans), where 
cis-regulatory changes tend to dominate at shorter evolu-
tionary distances [83]. In fact, previous findings propose 
that cis-regulatory changes tend to accumulate more 
readily due to their localized effects and reduced pleio-
tropic constraints [84]. Interestingly, when we looked at 

how expression differed between the parental species, 
we found that genes with both cis- and trans-regulatory 
differences were significantly more likely to be differen-
tially expressed, suggesting that regulation changes are 
responsible for a substantial fraction of the transcrip-
tional differences between species. This result is slightly 
different from previous expression analysis in ovaries of 
these same species, where a higher proportion of trans-
regulatory divergence compared to cis-regulation was 
observed [8]. These differences are likely because cis-reg-
ulatory effects tend to exhibit greater sex-specific expres-
sion differences than trans-regulatory effects [85]. Our 
results support models where cumulative effects of cis 
and trans mutations contribute to fixed expression dif-
ferences in Drosophila [86] and yeast [87]. In F1 hybrids 
based on their expression patterns relative to the paren-
tal species, genes with compensatory regulation (cis- and 
trans-regulatory changes act in opposite directions to 
preserve parental expression levels) were significantly 
overrepresented among deregulated genes in F1 hybrids. 
This finding supports the idea that compensatory regu-
latory evolution maintains stable expression in parental 
backgrounds, but it is altered in hybrids, unmasking a 
hidden regulatory divergence [81, 86]. When examining 
the backcross generations, we observed that compensa-
tory regulation was still enriched among deregulated 
genes, especially in BC1 and BC2.

TE deregulation in hybrids is limited but directional
The genome annotation of D. buzzatii and D. koepferae 
revealed that approximately 15% of each genome (~ 175 
Mb genome size) is composed of putative TEs, in line 
with previous estimates for cactophilic Drosophila spe-
cies [52, 88]. The dominant TE orders were Rolling Cir-
cle (RC) and LTR retrotransposons, reflecting a typical 
Drosophila TE landscape, where these two orders were 
reported as major contributors to genomic expansion in 
D. melanogaster [89] and other Drosophila species [88, 
90]. However, approximately 20% of annotated D. buz-
zatii and 12% of D. koepferae TE copies were transcrip-
tionally active in testis. A study of TE mobility in D. 
melanogaster suggested that 24 TE superfamilies were 
potentially active [91], which represents around 66% of 
the superfamilies (36) detected in this species genome 
[92]. However, these results are not directly compara-
ble as our comparison between parental species was 
conducted at the copy level. Regarding F1 hybrids, they 
exhibited significantly more differential expression of 
D. buzzatii-derived TEs (24.3%) than D. koepferae-
derived TEs (5.8%), with a general trend towards under-
expression. These results are in concordance with those 
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obtained in hybrid females between these same species 
using transcriptomic data [8]. In contrast, these find-
ings differ from previous observations with expectations 
based on our previous studies [11, 21] and observations 
of other studies in Drosophila [93, 94] and plants [95] 
where increased expression of some TEs was observed. 
However, these results may not be directly compara-
ble, as the sex of the individuals analyzed and/or the 
methodologies employed often differ. The underex-
pression result challenges the prevailing assumption 
that hybridization universally destabilizes TE silencing 
mechanisms. This finding may reflect a protective over-
activation of the host silencing machinery in response 
to genomic stress, particularly for two piRNA pathway 
genes: Ago3, Gasz, which were highly upregulated in F1 
hybrids vs both parental species. Such a compensatory 
mechanism has also been previously observed in other 
piRNA pathway genes in hybrid females of these spe-
cies [10]. Concordantly with the increase of piRNA pro-
duction and ping-pong signal in F1 males in a previous 
study [21]. However, the opposite was observed in papi, 
a gene involved in proper piRNA maturation in females 
[96], which was underexpressed in F1 hybrids vs paren-
tal species. Although its role in the female germline has 
been extensively characterized, its function within the 
male germline remains largely unexplored. Despite the 
general underexpression of TEs observed in F1 hybrids, 
certain elements belonging to the Helitron family were 
overexpressed. This highlights the complex mechanisms 
involved in TE regulation in hybrids, which include not 
only piRNA-mediated control but also regulation asso-
ciated with chromatin state. Notably, a previous study 
in hybrid females of these species reported specific TE 
families whose altered expression relative to the parental 
species could be attributed to the differential enrichment 
of chromatin marks [8]. While in some cases the causes 
of TE misregulation in hybrids are known, in others the 
underlying mechanisms remain elusive. For instance, in a 
previous study on other Drosophila hybrids, the observed 
TE overexpression patterns did not correlate with piRNA 
abundance [13]. Likewise, in Saccharomyces hybrids, 
changes in the efficiency of TE copy number control were 
observed without any detectable effect on Ty1 element 
stability [97, 98]. The number of differentially expressed 
TEs decreased across backcrosses vs D. buzzatii, but 
increased vs D. koepferae, reflecting genomic replace-
ment and possible epigenetic reprogramming. TE super-
families most affected included Helitrons and Gypsy, 
which are the most abundant superfamilies in these spe-
cies. However, only a few TE copies from these families 
showed persistent activation across generations. It is 
worth noting that a previous study of TE expression in 
BC1 hybrids between these same species reported that 

10.6% of the expressed TEs were deregulated in BC1 ova-
ries, with a predominant trend toward upregulation [21]. 
Overall, our findings support the notion that the dereg-
ulation of specific TE copies can persist beyond the F1 
generation. This suggests that, although the initial hybrid 
response may be to favor silencing, long-term genomic 
instability or introgression events may lead to the reac-
tivation of dormant elements. Such reactivations could 
be the result of disrupted piRNA targeting, chromatin 
remodeling, or loss of maternal piRNA imprints during 
successive hybrid generations [33, 48].

TE insertions shape expression patterns
One of the key results of this study is the observed associ-
ation between differential TE insertions and gene expres-
sion differences between D. buzzatii and D. koepferae. 
When we look at TE insertions located within genes or 
within a ± 5 kb flanking region, we found that 32.44% of 
the DEG between the two species were associated with 
TE insertions unique to each species. This result sug-
gests that TEs may play a non-negligible role in shaping 
regulatory landscapes and promoting expression diver-
gence, likely either directly or through linked regulatory 
changes. This may also help explain gene misregulation 
in hybrids in regions with high TE load. These results are 
consistent with a growing number of works highlight-
ing the ability of TEs to act as potent regulatory modi-
fiers [99, 100]. For D. buzzatii and D. koepferae, the fact 
that almost one-third of DEG are associated with differ-
ential TE insertions suggests that these elements have a 
significant role in driving regulatory differences between 
the species. Interestingly, the localization of these differ-
ent insertions is important, especially if they are inside 
genes or close to them. For example, insertions within 
gene bodies or untranslated regions (UTRs) can affect 
splicing [101–103], whereas upstream insertions more 
likely affect transcription initiation. The observed vari-
ability in insertion sites includes multiple mechanisms 
through which TEs may contribute to regulatory diver-
gence between these species. By differentially modifying 
gene expression patterns, TE insertions could generate 
novel adaptive phenotypes or postzygotic incompatibili-
ties, which help to keep species separate [104]. If these 
insertions are linked to genes involved in reproduction, 
development, or hybrid sterility—as suggested for some 
cases in this study—they might directly contribute to 
reproductive isolation. Still, more work including func-
tional analysis is needed to determine which of these 
mechanisms affected the expression of each gene with a 
TE insertion within or near it.
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Conclusions
This study suggests that incompatibilities of D. buzza-
tii–D. koepferae hybrids may be due to a widespread 
deregulation of genes associated with developmen-
tal, reproductive, and metabolic functions. However, 
functional validation is required to confirm the causal 
role of these expression changes. Overall, these results 
reinforce the evidence accumulated in other species, 
suggesting that the number of sterility genes could be 
large. The gradual recovery of hybrid fertility, due to the 
D. buzzatii genome introgression, could be explained 
by the reestablishment of the initial expression levels of 
most genes.

TE copies tend to be strongly regulated in F1 hybrids 
with only a few overexpressed copies that may persist 
beyond the F1 generation. This is an indication that, even 
though the immediate hybrid response favors silencing, 
long-term genomic instability or introgression events 
may lead to the reactivation of silent elements. This study 
substantially advances our understanding of the mecha-
nisms driving reproductive isolation, TE misregulation, 
and the evolutionary fate of hybrid genomes.

Methods
Drosophila stocks and crosses
We used D. buzzatii Bu 28 and D. koepferae Ko2 inbred 
strains described in our previous works [8, 12, 21] and 
maintained by brother–sister mating for at least a dec-
ade and then by mass culturing. Due to the scarce off-
spring obtained in interspecific crosses, we performed 
45 independent crosses, each consisting of ten D. buz-
zatii males and ten D. koepferae females. Subsequently, 
30 backcrosses were carried out using groups of ten F₁ 
hybrid females and ten D. buzzatii males. BC₂ and BC₃ 
individuals were then generated through ten additional 
backcrosses, each involving five mating pairs (Fig.  1). 
All stocks and crosses were reared at 25 °C in a standard 
Drosophila medium supplemented with yeast.

Body size measurement and sperm presence
Adult flies of D. buzzatii, D. koepferae, and their hybrids, 
aged 6 to 8 days posthatching were photographed using 
a Canon PowerShot G6 camera mounted on a stereomi-
croscope ZEISS Stemi SV 11, with a ruler as a reference 
system for subsequent analysis. Using ImageJ Fiji v.154.f 
[105], pixel-per-millimeter scales were established for 
each focal distance. Flies were measured individually by 
taking distances from the base of the antennae to the end 
of the abdomen.

To perform the reproductive characterization, tes-
tes from 6 to 8 days old flies were dissected into a drop 

of PBS 1X and examined. Sperm was then extracted by 
puncturing the seminal vesicle with an insect pin and 
examined as well. Images were taken with a ZEISS Axio-
lab 5 FL-LED microscope equipped with an Axiocam 208 
color camera, and a Leica MZ16 F stereomicroscope with 
a Leica MC170 HD camera.

DNA extraction, genome assemblies, and de novo gene 
and TE annotation
The Bu28 and Ko2 reference genomes from Oliveira et al. 
[52] were used in this work. As a summary, DNA was 
extracted using the Qiagen DNeasy Blood&Tissue kit, 
the genomes were sequenced using Nanopore MinIon 
Mk1b sequencer, base calling was performed using Alba-
core v.2.3.3 and quality control with Nanoplot v.1.10.2 
(https://​github.​com/​wdeco​ster/​NanoP​lot). Contig assem-
bly was done using Flye v.26 [106], and polishing was 
performed with four rounds of RACON v1.3.2 [107] 
and minimap2 v2.16 [108] contig alignments. Assem-
bly incongruences were corrected with samtools v1.9.0. 
[109], function faidx; and Gepard v1.4.0 [110]. Super 
scaffolding was performed with RaGOO v.1.1 [111], and 
the chromosome-scale assemblies were submitted to the 
BUSCO v.5.4.3 [112] analysis with lineage diptera_odb10 
(-l parameter). For the allele specific expression analy-
sis, a polished version of the Nanopore genomes using 
NextPolish and publicly available Illumina paired-end 
genomic reads [113] and RNA-seq reads [115] was used. 
Gene annotation was performed using Liftoff v.1.6.3 [114] 
with the D. mojavensis (GCA_018153725.1) reference 
genome [115] (excluding genes with descriptions as “low 
quality protein” and “unestablished gene function”) and 
the –exclude_partial; -a 0.5 and –s 0.75 parameters. The 
annotation of previously annotated genes in an already 
existent D. buzzatii reference genome [88]was included 
by aligning those genes and their exons to our reference 
genomes using blast v36.0 [88] and keeping the positions 
of the best hit not overlapping any other annotated gene. 
Chromosome Y and piwi pathway genes were re-anno-
tated by doing a reciprocal tblast v2.15.0 [88] of the D. 
melanogaster and/or D. mojavensis proteins, downloaded 
from UniProt [116], against the putative gene sequence in 
our reference genomes. A total of 5 genes in the Y chro-
mosome and 32 genes involved in the Piwi Pathway were 
annotated. Finally, each contig/scaffold was associated to 
its chromosome by using the chromosomal location of 
each gene in the existent D. buzzatii reference genome 
[88] and by performing reciprocal alignments of our con-
tigs/scaffolds with the contigs/scaffolds of the existent D. 
buzzatii reference genome [88] using pblat v2.5.1 [117].

We checked the presence of the 5 Y-chromosome 
genes (kl-2, kl-3, kl-5, Ppr-Y, and ORY) by PCR in both 
sexes for parental species (Additional file  1: Fig. S11). 

https://github.com/wdecoster/NanoPlot
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In addition, we used PRY primers to confirm its migra-
tion to the autosomes in our species. We used 10–20 ng 
of DNA from 5 adult flies, 1X Reaction Buffer Reagent 
(IBIANLab), 10 mM of each dNTP (Roche), and 1.25 Taq 
(Ibian®-Taq DNA polymerase) units. The rp49 gene was 
used as a PCR positive control using primers reported in 
previous studies [12].

Primers amplifying both parental species (D. buzzatii and D. 
koepferae) were designed: Fan-F (5′–GTT​GAT​CGT​GGA​ACC​
AGC​C–3′) and Fan-R (5′–CGG​GCT​TAA​CCA​GAC​CTA​
CA–3′); kl-2F (5′–ACA​GAC​AAA​CAC​AGA​ACA​ATGC–3′) 
and kl-2R (5′–CTT​TTA​CCG​TTT​CCG​TTT​TCCC–3′); 
kl-3F (5′–CTG​ACT​TTG​GAC​TTG​CGG​AAA–3′) and kl-3R 
(5′-TGT​ATC​TGC​TTG​CCT​TCA​ACT–3′); kl-5F (5′-TGG​
TGG​CTC​AGG​AAA​ACA​ATC-3′) and kl-5R (5′-GCA​ACC​
TCG​GAA​TCA​GTC​ATTA-3′); ORY-F (5′-TTG​AGG​CTT​
CAC​GTA​TCA​AGC-3′) and ORY-R (5′-TTC​TTG​CAC​TAG​
TTG​CTC​TC-3′); PpRY-F (5′-TGG​CGA​GAC​GAT​GCT​GAT​
-3′) and PpRY-R (5′-AGT​GTA​ATC​CGA​GCT​TCA​TCA-3′); 
PRY-F (5′-ACG​ATT​GAT​TCC​GAA​ACG​CCA-3′) and PRY-R 
(5′-ACA​ATA​CTG​GGA​CTC​ACC​CGC-3′).

The TE annotation used in this work was obtained from 
Oliveira et al. [52]. Briefly, the de novo TE annotation for 
each genome was analysed with EarlGrey v2.2 to predict 
consensus using a novel method of consensus extension 
[118]. Posteriorly, the consensus were submitted to CDS 
filtering to remove the ones with high similarity with 
CDSs from D. mojavensis. Subsequently, the consensus 
were classified with a custom pipeline (https://​github.​
com/​Olive​iraDS-​hub/​Pipel​ines-​Cacto​philic-​Droso​phila-​
Speci​es), based on similarity with previously published 
consensus in the Dfam database v.3.7 [119]. The anno-
tation of TE copies was performed with RepeatMasker 
v.4.1.4 [120], and consensus with less than 3 copies with 
at least 80% of the consensus length were removed. In 
addition, the authors also removed insertions shorter 
than 80 nucleotides, and the ones composed by simple 
sequence repeats in over 50% of their length [52].

mRNA extraction, library preparation, and sequencing
Total RNA was purified using the Nucleospin RNA puri-
fication kit (Macherey–Nagel) from 20–25 pairs of testes 
from 6 to 8-day-old males to obtain sufficient material for 
library preparation. Samples were sent to Macrogen for 
library preparation and sequencing. Duplicate TruSeq 
Stranded mRNA libraries, corresponding to two bio-
logical replicates per parental species, hybrids, and back-
crosses. Finally, sequencing was performed for 151bp 
paired-end reads using Illumina technology. We obtained 
66–86 million paired-end reads for each sample, result-
ing in a total of 1110 million paired-end reads. The tran-
scriptomic profiles reflect population-level averages and 
the potential underlying genotypic heterogeneity, which 

is a common experimental strategy in studies requiring 
sufficient tissue input for high-throughput sequencing. 
Transcriptomic analyses of this pooled sample of back-
crossed individuals, each carrying different introgressed 
fragments, may mask subtle expression differences due 
to averaging effects, but the differences reported here are 
likely to represent robust and consistent changes across 
most individuals in the pool.

Gene and TE differential expression analyses
RNA-seq sequenced reads were trimmed using Trim-
momatic software v0.39 [121], with the parameters 
LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 
MINLEN:36. For gene expression analysis, parental 
trimmed RNA-Seq reads were aligned to their corre-
sponding Bu28 and Ko2 masked (using RepeatMasker 
[120]) reference genomes and the de novo transcript 
annotations using STAR v2.7.11a [122] with default 
parameters. Hybrid trimmed RNA-Seq reads were 
aligned to a concatenation of both parental masked ref-
erence genomes and concatenated transcript annotations 
using STAR v2.7.11a [122], only permitting 2 multi-
ple alignments per read (–outFilterMultimapNmax 2). 
Strand-specific read count per gene was then computed 
using featureCounts v2.0.6 [123] (-s 2). In hybrids, only 
the primary alignment of the multi-mapped reads (–pri-
mary-M) was counted, and therefore reads aligning to 
both parental species were counted only once.

For TE copy expression analysis, parental RNA-Seq 
reads were aligned against their reference genomes using 
bowtie2 v2.5.2 [124] with options to perform a sensitive 
local alignment search (–very-sensitive-local) with up to 
100 alignments reported for each fragment pair (-k 100) 
and a minimum alignment score threshold that permits 
fragments with approximately 95% or greater sequence 
identity to be reported (–score-min L,0,1.6), parameters 
previously used in a similar study [125]. Then, telescope 
v1.0.3 [125] was used with up to 200 iterations of the 
maximization algorithm (–max_iter 200) to count reads 
per TE copy.

Count Tables, corresponding to genes and TEs were 
concatenated and used for the differential expression 
analyses. In this way, gene counts were used to normal-
ize TE counts. DESeq2 function from the R Bioconduc-
tor package DESeq2 v1.42.0 [126] was used to normalize 
read counts, using the median of ratios method, and read 
counts were modelled using a negative binomial distribu-
tion. The same package was then used to identify DEG 
and TE copies in hybrids and back-crosses vs paren-
tal species performing a Wald test [126]. p-values were 
obtained using the results function and were adjusted for 
multiple testing, using the procedure of Benjamin and 

https://github.com/OliveiraDS-hub/Pipelines-Cactophilic-Drosophila-Species
https://github.com/OliveiraDS-hub/Pipelines-Cactophilic-Drosophila-Species
https://github.com/OliveiraDS-hub/Pipelines-Cactophilic-Drosophila-Species


Page 17 of 21Bodelón et al. BMC Biology           (2026) 24:92 	

Hochberg [127] with a false discovery rate p-value cutoff 
of 0.05. log2FC was shrunken using the default and rec-
ommended apeglm [128] algorithm of the lfcShrink func-
tion. Genes and TE copies with an adjusted p-value < 0.05 
and at least double difference of expression (|shrunken 
log2FC|> 1) were considered as differentially expressed.

GO term enrichment analyses of biological processes 
were performed for the significant DEG using the topGO 
R package v2.54.0 [129] (“weight01” algorithm and Fish-
er’s statistic). GO belonging to each gene were obtained 
using biomart package v2.58.0 [130]. Because of the high 
impact of the p-value adjustment, only the top 25% sig-
nificant gene ontologies having the lowest p-values were 
considered as enriched. To simplify the analysis, we 
manually grouped the enriched GOs by the most general 
(maximum ancestor) GO of biological process. To ana-
lyse TE family expression, we computed the mean log2FC 
of all expressed TE copies of a TE family, and we consid-
ered as significantly differentially expressed the TE fami-
lies with a mean absolute log2FC of at least 0.5. We also 
studied TE insertions inside genes and 5 Kb upstream or 
downstream the genes by comparing gene and TE anno-
tated copies using bedtools v2.31.1 intersect command 
[131]. We then quantified the number of genes exhibit-
ing differential and conserved expression between the 
parental species. Subsequently, we examined genes with 
insertions present in one species but absent in the other, 
genes lacking insertions or containing insertions in both 
species, and those in which the insertions differ between 
both species.

Allele‑specific expression analysis
To study allele-specific expression, trimmed RNA-Seq 
hybrid and backcross reads were aligned to a concatena-
tion of the polished versions of the reference genomes 
and transcriptomes of the parental species using STAR 
v2.7.11a [122], only permitting 1 alignment per read 
(–outFilterMultimapNmax 1). Then, samtools [109] 
was used to filter reads that aligned against the refer-
ence genome without mismatches ([NM] = = 0) in both 
paired-end reads. Read count per gene was computed 
using featureCounts v2.0.6 [123]. To make results com-
parable, the same pipeline was also performed for the 
parental species, but aligning against their own reference 
genome.

Then, the DESeq2 function was used to normalize 
read counts using the default method. The results func-
tion was used to compute adjusted p-values using the 
Benjamin and Hochberg [127] method and apeglm 
[128] algorithm was used to obtain shrunken log2FC. 
First, an FDR cutoff of 0.05 was used to identify 
DEG between parental species (P). Second, the same 

procedure and cutoff was used to identify genes with 
a different abundance of the parental and the maternal 
allele in hybrids (H) and were considered as genes with 
cis-regulatory divergence. Finally, significant genes in 
either P or H were analysed for trans-regulatory effects 
(T) by comparing the P and H ratios following the same 
process. Genes were then categorized in the following 
groups as reported in a previous publication [34].

Cis-: Significant differential expression in P and H, but 
no significant T.

Trans-: Significant differential expression in P, and T, 
but not H.

Cis+  trans: Significant differential expression in P, H, 
and T, when cis- and trans-regulatory differences favor 
the expression of the same allele.

Cis Χ  trans: Significant differential expression in P, H, 
and T, when cis- and trans-regulatory differences favor 
expression of opposite alleles.

Compensatory: Significant differential expression in H 
and T, but not P. Cis- and trans-regulatory differences 
compensate each other, resulting in no expression differ-
ences between parental species.

Conserved: No significant differential expression in H, 
P, or T. Conserved regulation.

Ambiguous: Other patterns have no clear biological 
interpretation.

Statistical tests and visualization
Three main statistical tests were used in this article, 
and all were performed using R v4.3.2 [132]. The Two-
proportion Z-test was used to compare the distribu-
tions of significantly differentially expressed genes and 
TE copies across comparisons and to compare cis- and 
trans-regulatory categories. The chi-square test under 
equal assumptions was used to detect chromosome 
biases. Fisher’s exact test under independence assump-
tions was computed using a 2 × 2 contingency table to 
detect associations in regulatory divergence categories 
and differentially expressed genes and in genes with dif-
ferent TE insertions between parental species and dif-
ferential expression. Finally, a paired t-test corrected 
for inequality of variances was used to compare fly size 
of different samples.

All the results were corrected for multiple testing 
using the Benjamin and Hochberg [127] method. The 
plots and visualization of the results were performed 
using the R package ggplot2 v3.4.4 [133]. KEGG path-
ways data integration and visualization were performed 
using the R package pathview v.1.44.0 [134].
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