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Abstract 1 

How genetic variance for fitness is maintained is incompletely understood. Mutation-selection 2 

balance and single-locus overdominance cannot account for the large variance observed. 3 

Recent work suggests that antagonistic balancing selection, favoring different alleles in 4 

different contexts and involving beneficial dominance reversals, might contribute to 5 

maintaining fitness variance. However, while this mechanism is plausible, evidence for 6 

dominance reversals remains scarce. Here, we study how In(3R)Payne, a balanced 7 

inversion polymorphism in D. melanogaster, affects gene expression and chromatin 8 

accessibility by using RNA-seq and ATAC-seq. We find that, in embryos, the inverted (INV) 9 

arrangement tends to have dominant effects, while the standard (STD) arrangement behaves 10 

like a recessive Mendelian allele. Yet, in wing discs, this pattern is reversed: STD has mostly 11 

dominant effects, whereas INV behaves recessively. Since this shift in the dominance of the 12 

INV “allele” between developmental contexts affects the expression of suites of genes in a 13 

concerted manner, it might be mediated by a dominance modifier, for example a transcription 14 

factor. In favor of this idea, 25% of the differentially expressed genes between INV and STD 15 

encode transcription factors. Interestingly, while only four differentially expressed genes are 16 

shared between embryos and wing discs, one of them is HP1c, a chromatin binding protein 17 

and major transcriptional regulator, and thus a promising candidate for mediating the context-18 

dependent change in dominance. Although the relationship between these patterns and 19 

fitness is presently unknown, our observations are consistent with a potential role of 20 

reversals (or, more generally, shifts) of dominance in maintaining inversion polymorphism. 21 

 22 

Keywords: balancing selection, dominance reversal, fitness variance, inversion 23 

polymorphism, gene expression, chromatin accessibility.  24 

ACCEPTED M
ANUSCRIP

T D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saf209/8244717 by guest on 31 August 2025



Durmaz Mitchell et al. 

4 

Introduction 1 

A longstanding fundamental paradox in population genetics is the observation that fitness-2 

related traits (i.e., those subject to strongest selection) typically harbor substantial amounts 3 

of genetic variation despite natural selection relentlessly eroding this variation by fixing 4 

beneficial variants and removing deleterious ones (Dempster 1955; Lewontin 1974; Lande 5 

1975; Barton & Turelli 1989; Lynch & Walsh 1998; Houle 1992; Charlesworth & Hughes 6 

2000; Barton & Keightley 2002; Turelli and Barton 2004; Johnson & Barton 2005; Walsh & 7 

Blows 2009; Charlesworth 2015; Charlesworth & Charlesworth 2017; Connallon & 8 

Chenoweth 2019; Flatt 2020; Grieshop et al. 2024).  9 

 10 

On the one hand, too much variance seems to exist for fitness components to be accounted 11 

for solely by mutation-selection balance (e.g., Charlesworth & Hughes 2000; Charlesworth 12 

2015; also see Sharp & Agrawal 2018). On the other hand, balancing selection in the form of 13 

classical single-locus overdominance seems to be rare (e.g., Parsons & Bodmer 1961; 14 

Gemmell & Slate 2006; Andrés et al. 2009; Hedrick 2011, 2012; Fijarczyk & Babik 2015; 15 

Croze et al. 2016, 2017; Stephan & Hörger 2019), likely due to segregation load (Crow 1970; 16 

Dolgin & Otto 2003), and can therefore not account for the high amount of fitness variance 17 

observed in natural populations (Charlesworth & Hughes 2000; Charlesworth 2015). 18 

 19 

These findings suggest that some types of balancing selection other than classical single-20 

locus overdominance might be involved in maintaining genetic variance in fitness 21 

(Charlesworth & Hughes 2000; Charlesworth 2015). Indeed, there is a large variety of 22 

mechanisms of balancing selection such as negative frequency-dependent selection, multi-23 

locus heterozygote advantage including epistatic balancing selection, genotype by 24 

environment interactions, as well as different kinds of antagonistic selection which can 25 

generate balancing selection (e.g., antagonistic pleiotropy, sexually antagonistic selection, 26 

and spatially or temporally varying selection); importantly, several of these mechanisms can 27 

lead to so-called marginal overdominance or net heterozygote advantage for fitness (e.g., 28 

Fisher 1930a; Haldane 1948; Levene 1953; Dempster 1955; Lewontin 1958; Haldane & 29 

Jayakar 1963; Gillespie & Langley 1974; Ayala & Campbell 1974; Hedrick 1976; Gillespie 30 

1978; Rose 1982, 1985; Curtsinger et al. 1994; Charlesworth & Hughes 2000; Prout 2000; 31 

Turelli & Barton 2004; Van Dooren 2006; Patten et al. 2010; Connallon & Clark 2012, 2013, 32 

2014; Barson et al. 2015; Spencer and Priest 2016; Brisson 2018; Brown & Kelly 2018; 33 

Grieshop & Arnqvist 2018; Zajitschek & Connallon 2018; Connallon & Chenoweth 2019; Xu 34 

et al. 2019; Bitarello et al. 2023; Berdan et al. 2023; Christie & McNickle 2023; Grieshop et 35 

al. 2024; Siljestam et al. 2024; Flintham et al. 2025; Khudiakova et al. 2025; Guyot et al. 36 

2025; Ruzicka et al. 2025). In terms of evolutionary timescales, these mechanisms can either 37 
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lead to recent balancing selection, which may or, more commonly, may not maintain a 1 

balanced polymorphism in the long run, or to long-term balancing selection, which maintains 2 

a balanced polymorphism for a timescale longer than the neutral timescale (Bitarello et al. 3 

2023). 4 

 5 

In view of the inexplicably high variance for fitness and the apparent scarcity of classical 6 

single-locus overdominance, “non-classical” forms of balancing selection have recently (re-) 7 

gained considerable interest (e.g., see Johnston et al. 2013; Connallon & Clark 2013; 8 

Bergland et al. 2014; Wittmann et al. 2017; Grieshop & Arnqvist 2018; Bertram & Masel 9 

2019; Connallon & Chenoweth 2019; Machado et al. 2021; Glaser-Schmitt et al. 2021; 10 

Chevin et al. 2022; Rudman et al. 2022; Hoffmann & Flatt 2022; Rusuwa et al. 2022; Bitarello 11 

et al. 2023; Berdan et al. 2023; Kapun et al. 2023; Arnqvist & Rowe 2023; Pei et al. 2023; 12 

Wittmann et al. 2023; Johnson et al. 2023; Kim 2023; Grieshop et al. 2024; Siljestam et al. 13 

2024; Flintham et al. 2025; Brud 2025). This is especially true for antagonistic balancing 14 

selection, i.e., the phenomenon whereby alternative alleles are favored in different contexts 15 

(e.g., different habitats, niches, seasons, sexes, or fitness traits), including beneficial 16 

reversals of dominance of alternative alleles (e.g., see Connallon & Clark 2013; Connallon & 17 

Chenoweth 2019; Grieshop et al. 2024, and references therein). 18 

 19 

Beneficial dominance reversals imply that a given allele is partially or fully dominant in the 20 

context in which it is selectively favored but recessive in the alternative context in which it is 21 

deleterious (e.g., Kidwell et al. 1977; Rose 1982; Curtsinger et al. 1994; Wittmann et al. 22 

2017; Connallon & Chenoweth 2019; Grieshop et al. 2024). Such dominance reversals can 23 

lead to an average net advantage of the heterozygote across different contexts (marginal 24 

overdominance; see above) and thus contribute to maintaining variation (e.g., Wallace 1968; 25 

Gillespie & Langley 1974; Kidwell et al. 1977; Rose 1982, 1985; Curtsinger et al. 1994; 26 

Charlesworth & Hughes 2000; Posavi et al. 2014; Connallon & Chenoweth 2019; Grieshop et 27 

al. 2024; Karageorgi et al. 2024). While recent modeling suggests that the conditions 28 

whereby (sexually) antagonistic balancing selection and dominance reversals can maintain 29 

long-term polymorphism at loci underlying continuous traits might be quite restrictive unless 30 

large-effect loci are involved and/or linkage between loci is tight (Flintham et al. 2025), other 31 

approaches indicate that beneficial dominance modifications might evolve quite readily and 32 

can promote polymorphism even under fairly weak selection (Siljestam et al. 2024; also cf. 33 

Wittmann et al. 2017). Moreover, new theoretical work by Brud (2025) has found that, 34 

beyond beneficial dominance reversals, also context-dependent (e.g., seasonal), non-35 

reversing changes in dominance can stabilize biallelic polymorphism. Yet, despite the 36 

theoretical plausibility of such context-dependent reversals (or, more generally, shifts) of 37 
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dominance, empirical evidence for their existence and involvement in maintaining 1 

polymorphisms remains relatively scarce (e.g., Johnston et al. 2013; Posavi et al. 2014; 2 

Grieshop & Arnqvist 2018; Kaufmann et al. 2024; Karageorgi et al. 2024; reviewed in 3 

Connallon & Chenoweth 2019 and Grieshop et al. 2024).  4 

 5 

Here we report a new example of a dominance reversal involving an adaptive inversion 6 

polymorphism in Drosophila melanogaster, In(3R)Payne (or 3RP), an approximately 8-Mb 7 

large paracentric chromosomal inversion that encompasses ∼1,200 genes on chromosome 8 

arm 3R. This common, cosmopolitan polymorphism consists of two alternative chromosomal 9 

arrangements, a non-inverted (standard = STD) arrangement and an inverted (=INV) 10 

arrangement, and seems to be maintained by multiple forms of balancing selection, including 11 

evidence for spatially varying selection, temporally varying selection, negative-frequency 12 

dependent selection as well as overdominant selection (Nassar et al. 1973; Lemeunier & 13 

Aulard 1992; Kapun et al. 2016a; Kapun & Flatt 2019; Kapun et al. 2023; Paris et al. 2025). 14 

Our recent population genomic analyses suggest that this polymorphism likely represents a 15 

long-term balanced polymorphism (Kapun et al. 2023). Previous work has found that 3RP 16 

affects a whole suite of fitness components, including various developmental and size-17 

related traits, pigmentation, fecundity, several stress resistance traits as well as lifespan 18 

(Rako et al. 2006; Kennington et al. 2007; Kapun et al. 2016b; Durmaz et al. 2018; Kapun & 19 

Flatt 2019; Paris et al. 2025). The 3RP polymorphism thus seems to represent a supergene, 20 

a set of tightly linked loci which jointly affect several complex phenotypes (Thompson & 21 

Jiggins 2014; Schwander et al. 2014; Gutiérrez-Valencia et al. 2021; Berdan et al. 2022; 22 

Schaal et al. 2022). Yet, the functional genetic and molecular architecture of the 3RP 23 

inversion and the selective mechanisms that maintain it as a balanced polymorphism remain 24 

incompletely understood (cf. discussion in Kapun et al. 2023 and Paris et al. 2025). 25 

 26 

A promising approach for identifying functionally relevant genes and variants associated with 27 

inversion polymorphism is expression profiling (Fuller et al. 2016; Lavington & Kern 2017; 28 

Said et al. 2018; Giner-Delgado et al. 2019; Crow et al. 2020; Berdan et al. 2021; Kapun et 29 

al. 2023). To learn how the 3RP inversion polymorphism affects gene expression and gene 30 

regulation during development we performed RNA-seq expression profiling of embryos and 31 

wing discs (see Kapun et al. 2023 for data on adult expression) as well as ATAC-seq 32 

analysis (Buenrostro et al. 2013, 2015) of wing discs. 33 

 34 

To “capture” some of the allelic variation segregating among different chromosomes within 35 

the STD karyotype and within the INV karyotype, we chose to perform our assays using two 36 

genetic backgrounds, namely two independent STD chromosomes and two independent INV 37 
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chromosomes, and their respective INV/STD heterokaryotypes (HET), resulting in two 1 

distinct “replicate” sets of INV/INV, STD/STD and HET karyotypes. This experimental design 2 

allowed us to make an inference about the “average” behavior of the different 3RP 3 

karyotypes instead of only comparing the three karyotypes based on a single INV vs. a single 4 

STD chromosome, even though – admittedly – this level of biological replication is minimal. 5 

 6 

By comparing expression between STD/STD, INV/INV and HET, and by quantifying 7 

dominance coefficients for genes that are differentially expressed between these karyotypes, 8 

we discover that, in HET embryos, the INV chromosomal arrangement tends (on average 9 

across the two genetic backgrounds; see above) to be dominant in affecting the expression 10 

of most genes, while the STD arrangement appears to have mostly recessive effects. In wing 11 

discs, by contrast, this pattern is reversed, with the STD arrangement having mostly 12 

dominant effects, while the INV arrangement tends to be recessive. Using ATAC-seq 13 

analysis of wing discs, we further find that the dominance patterns in terms of differential 14 

expression are qualitatively mirrored by matching patterns of chromatin accessibility. The two 15 

alternative chromosomal arrangements thus seem to behave like Mendelian alleles and exert 16 

coordinated, “switch-like” effects on the expression and chromatin accessibility of numerous 17 

genes spanned by the inversion, consistent with the notion of a supergene. Finally, we 18 

identify a major transcriptional regulator, the chromatin binding protein HP1c, as a candidate 19 

“dominance modifier” (Fisher 1928, 1930a,b; Sved & Mayo 1970; Ohh & Sheldon 1970; 20 

Thomson & Thoday 1972; McKenzie & Game 1987; Doebley et al. 1995; Davies et al. 1996; 21 

Otto & Bourguet 1999; Tarutani et al. 2010; Billiard & Castric 2011; Di & Lohmueller 2024) 22 

which might mediate the observed dominance reversal between embryos and wing discs. 23 

 24 

Our study thus provides a “proof of principle” for the involvement of reversals (or, more 25 

generally, shifts) of dominance in inversion-specific gene expression and, potentially, in 26 

maintaining balanced inversion polymorphism (also see Pearse et al. 2019; Mérot et al. 27 

2020), albeit the fitness relevance of the observed patterns remains unknown at present (but 28 

cf. Paris et al. 2025).  29 

 30 

Results and Discussion 31 

In embryos, the INV arrangement has a dominant effect on expression 32 

To understand how the 3RP inversion polymorphism affects global transcriptional output 33 

during development, we first performed gene expression analysis during embryogenesis at 34 

4-6 h after egg laying. This stage of development lays the foundation for many phenotypic 35 

features of the adult organism, as several important developmental genes become 36 
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expressed for the first time. This includes genes that are spanned by 3RP, e.g., the homeotic 1 

selector genes. To determine expression changes that are due to the INV vs. the STD 2 

karyotype we generated lines that differ in 3RP karyotype but which otherwise had the same 3 

genetic background (see Materials and Methods). To account for allelic differences among 4 

different INV haplotypes and among different STD haplotypes, we combined and contrasted 5 

data from two different INV vs. those from two different STD genotypes (see above; see 6 

Materials & Methods; for individual line comparisons see Fig. S1 and Fig. S2). 7 

 8 

We first compared differential expression between INV and STD homokaryotypes and 9 

identified 125 differentially expressed genes (DEG; adjusted p [padj] ≤ 0.001; Fig. 1A, Table 10 

S1), with more than a third of them being located on 3R and 14.4% within the region 11 

spanned by 3RP (Fig. 1B, Table S1). In total, 1.14% of all genes on 3R were differentially 12 

expressed, and 1.47% of the genes in the region spanned by 3RP. In contrast, the fraction of 13 

DEG on other chromosome arms (X, 2L, 2R, 3L, and other [comprising 4, Y, and unmapped 14 

scaffolds]) ranged between 0.38 and 0.99% (Fig. 1G, Table S1). Thus, while a significant 15 

portion of differential expression between INV and STD occurs on 3R and in the region 16 

spanned by 3RP, the inversion polymorphism clearly has genome-wide effects on 17 

expression, as previously observed for several polymorphic D. melanogaster inversions 18 

including 3RP and consistent with trans-acting regulatory effects (Lavington & Kern 2017; 19 

Said et al. 2018; Kapun et al. 2023; also see below). 20 

 21 

Next, we compared the expression profiles of HET flies to those of the parental INV/INV and 22 

STD/STD homokaryotypes in a pairwise manner. Only four genes showed expression 23 

differences between HET and the INV homokaryotype, while 176 genes were differentially 24 

expressed between HET and STD (padj ≤ 0.001; Fig. 1C-F, Table S1). As our experimental 25 

design has a relatively low degree of replication, it likely underestimates the true number of 26 

DEGs. However, even with a much less stringent padj-value cut-off of 0.1, only seven genes 27 

were differentially expressed between HET and INV, while the number of DEG between HET 28 

and STD rose to 924 and between STD and INV to 873 (for detailed quantification and 29 

proportional values see Table S1). Indeed, a large fraction of the DEG in the HET vs. STD 30 

comparison was shared with the STD vs. INV comparison (85 genes at padj ≤ 0.001; 626 31 

genes at padj ≤ 0.1; Fig. 1I, Table S1). All 4 DEG in the HET vs. INV comparison were also 32 

found in STD vs. INV, as well as 6 genes at padj ≤ 0.1 (Fig. 1I). At this cut-off, 2 genes were 33 

shared between all comparisons. The similarity of the HET and INV datasets is also apparent 34 

when assessing Spearman’s rank correlations of normalized read counts between the 35 

different datasets (Fig. S1G). 36 

 37 
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Interestingly, these pairwise comparisons of the three karyotypes suggest a pattern that is 1 

reminiscent of a dominant mode of Mendelian inheritance whereby INV/INV ≈ HET > 2 

STD/STD, i.e., the INV “allele” is dominant over the STD “allele” (compare the expression 3 

patterns in Fig. 1A and 1C with that in 1E; also see below). 4 

 5 

About one quarter of DEG between HET and STD were located on 3R, but only 8.5% were in 6 

the region spanned by 3RP (Table S1). The fractions of DEG relative to all genes on 3R 7 

(1.11%) or within 3RP (1.22%) were not significantly different from the mean of the other 8 

chromosomes (0.88-1.15%), but there was a significant difference between the inversion 9 

body and the region of 3R excluding the breakpoints (1.49 and 0.6%, respectively; Fig. 1H, 10 

Table S1). The enrichment of differential expression changes in the region covered by 3RP 11 

was therefore relatively weak, and significant differences in expression between HET and 12 

STD occurred throughout the whole genome, as observed already for the comparison 13 

between INV and STD. 14 

 15 

Such a pattern of transcriptome-wide changes might be explained through the differential 16 

expression of one or several transcription factors (TFs) within the inverted genomic region, 17 

which could in turn influence the expression of genes (including other TFs) in other genomic 18 

regions (see Lavington & Kern 2017; Said et al. 2018 for discussion). Indeed, when we 19 

performed gene ontology (GO) term analysis, we found an enrichment of multiple GO terms 20 

related to transcriptional regulation (e.g., “Transcription cis-regulatory region binding”; “DNA-21 

binding transcription factor activity”) and to different developmental processes (Fig. S3). The 22 

results of these analyses were qualitatively similar for the comparison INV/INV vs. STD/STD 23 

and HET vs. STD/STD (Fig. S3), again underscoring the notion that the INV arrangement 24 

behaves like a dominant allele.  25 

 26 

In wing discs, by contrast, the INV arrangement tends to be recessive 27 

One of the main adult phenotypic features affected by the 3RP polymorphism is the overall 28 

body size of the flies as well as the relative size of their different body parts, including their 29 

wings (e.g., Rako et al. 2006; Kapun et al. 2016a; Durmaz et al. 2018; Paris et al. 2025). To 30 

investigate whether the INV arrangement also controls gene expression output in other 31 

developmental contexts, we analyzed the transcriptomes of wing discs of wandering third 32 

instar larvae. Comparing the STD/STD and INV/INV homokaryotypes, we identified 61 DEG 33 

(padj ≤ 0.001; Fig. 2A, Table S2). The contribution of 3R and 3RP towards differential gene 34 

expression was even more pronounced in discs than in embryos, with 56% and 34% of all 35 

DEG, respectively (Fig. 2B, Table S2). The fraction of DEG relative to all genes in each 36 

genomic region was 0.8% for 3R and 1.71% within 3RP, while it ranged between 0 and 37 

ACCEPTED M
ANUSCRIP

T D
ow

nloaded from
 https://academ

ic.oup.com
/m

be/advance-article/doi/10.1093/m
olbev/m

saf209/8244717 by guest on 31 August 2025



Durmaz Mitchell et al. 

10 

0.46% for other genomic regions (Fig. 2G, Table S2). During wing development, 1 

transcriptional changes are thus more strongly restricted to 3R and to the region spanned by 2 

3RP as compared to other genomic regions than during embryogenesis (see above). 3 

 4 

Intriguingly, when performing pairwise comparisons of expression levels between HET and 5 

each of the two homokaryotypes, we found a pattern that is completely opposite to that in 6 

embryos: in wing discs, the STD arrangement seems to behave like a dominant Mendelian 7 

“allele”, whereas the INV “allele” seems to be recessive (STD/STD ≈ HET > INV/INV).  8 

 9 

25 genes were differentially expressed between HET and INV/INV, while only four genes 10 

showed differential expression between HET and STD/STD (padj ≤ 0.001; Fig. 2C, E, Table 11 

S2), thus suggesting dominance of the STD arrangement over the INV arrangement 12 

(contrast the pattern in Fig. 2A and 2E with that in 2C). Increasing the padj cut-off to 0.1 13 

increased the number of DEG between HET and INV/INV to 523, but only to 23 genes 14 

between HET and STD/STD; 398 genes were then differentially expressed between 15 

STD/STD and INV/INV (Table S2). A large fraction of genes was shared between the 16 

comparisons of HET vs. INV/INV and STD/STD vs. INV/INV (15 genes at padj ≤ 0.001; 207 17 

genes at padj ≤ 0.1; Fig. 2I). Additionally, 4 DEG were shared between HET vs. STD/STD (16 18 

at padj ≤ 0.1), 2 of which were shared between all three comparisons (8 at padj ≤ 0.1; Fig. 2I). 19 

Again, these findings are corroborated by the analysis of Spearman’s rank correlations of 20 

gene expression (Fig. S1G). 21 

 22 

Genes on 3R and within 3RP contributed disproportionately to differential expression in the 23 

HET vs. INV/INV comparison, with 44 and 28% of all DEG, respectively (Fig. 2F, H). The low 24 

number of DEG makes meaningful comparisons difficult (see Table S2 and Fig. S4 for less 25 

stringent padj cut-offs), but 0.57% of all genes in the region spanned by 3RP were 26 

differentially expressed. This fraction was between 0 and 0.26% for other genomic regions 27 

(Fig. 2H, Table S2). When we analyzed GO terms of DEG in wing discs, there was no 28 

enrichment of genes involved in transcriptional regulation, as observed in embryos, but 29 

instead an overrepresentation of terms related to muscle development and cuticle formation 30 

(Fig. S5). These results were similar for the STD/STD vs. INV/INV and HET vs. STD/STD 31 

comparisons. 32 

 33 

Together, our transcriptomic analyses of embryos and wing discs suggest that differential 34 

expression depends strongly on the interaction between 3RP karyotype and developmental 35 

context. As mentioned above, the observed pattern strongly resembles a dominant vs. 36 

recessive mode of classical Mendelian inheritance, whereby INV is dominant over STD in 37 
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one context but recessive in the other context – below we provide a further, in-depth 1 

quantitative analysis of this point. Secondly, while in embryos the observed expression 2 

changes are likely to be influenced by several TFs, we did not find any GO enrichment for 3 

TFs in wing discs. We therefore assumed that the gene expression changes were largely 4 

due to differences at cis-regulatory modules of the genes that change expression. 5 

 6 

The chromatin landscape of wing discs is controlled by the STD karyotype  7 

To explore the potential involvement of cis-regulatory modules (CRMs) in gene regulation in 8 

wing discs we used ATAC-seq to identify regions of accessible chromatin which might be 9 

indicative of active CRMs. After genome-wide calling of peaks, we identified a total of 23,717 10 

accessible chromatin regions in INV/INV, 24,795 in STD/STD, and 25,087 in HET (Fig. 3, 11 

Fig. S6, Table S3). 22,886 peaks were shared between all three karyotypes. These peaks 12 

were evenly distributed among the chromosome arms in all karyotypes, even after 13 

normalizing for chromosome arm length (Fig. 3A, Fig. S6, Table S3). A small proportion of 14 

peaks was uniquely called in each karyotype (3.2% in INV/INV, 3.5% in STD/STD, and 4.5% 15 

in HET), while the remaining peaks were found in at least one other karyotype. Interestingly, 16 

regions that were called as peaks in one sample but not in another still exhibited accessible 17 

chromatin, although not significant enough to be recognized as a peak by MACS2 (Fig. S7). 18 

 19 

Normalizing for chromosome arm length, we found that 3R contains the highest density of 20 

unique peaks in both INV/INV (6.86 peaks per million base pairs [Mbp]) and STD/STD (8.88 21 

peaks per Mbp). The other chromosome arms contained between 4.97 and 6.33 peaks per 22 

Mbp in INV/INV flies and between 3.44 and 6.37 peaks per Mbp in STD/STD flies (Fig. 3B, 23 

C, Table S4). 3RP exhibited an even higher density of unique peaks both in INV/INV (9.62 24 

peaks per Mbp) and STD/STD (10.83 peaks per Mbp). Surprisingly, HET showed the highest 25 

density of unique peaks on the X chromosome (16.23 peaks per Mbp), followed by 26 

chromosome arm 2L (9.14 peaks per Mbp) (Fig. 3D, Table S4). This suggests that most 27 

peaks on 3R in HET are shared with one of the two homokaryotypes. 28 

 29 

The number of peaks shared between HET and INV/INV but not STD/STD was 537, whereas 30 

1,681 peaks were shared between HET and STD/STD but not INV/INV (Table S5). The 31 

largest fraction of shared peaks between HET and INV/INV (22.4%) was observed on the X 32 

chromosome, while the largest fraction shared between HET and STD/STD (30.3 %) was 33 

found on 3R (Fig. 3E, F, Table S5). In fact, 8.6% of all peaks called in HET that were shared 34 

with STD/STD are located on 3R, while this number was only 2% for INV. 35 

 36 
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These results suggest that the chromatin accessibility profile in HET wing discs is more 1 

similar to STD/STD than to INV/INV, particularly for 3R. This pattern might underpin the 2 

similar expression profiles between HET and STD/STD, in agreement with the notion that the 3 

STD chromosomal arrangement has a dominant Mendelian effect upon gene expression in 4 

wing discs. 5 

 6 

The INV allele is subject to a context-dependent dominance reversal  7 

To formally test whether the INV and STD chromosomal arrangements indeed effectively 8 

behave like Mendelian alleles affecting gene expression in a context-dependent dominant vs. 9 

recessive manner, we estimated the dominance coefficient h for each gene that was 10 

differentially expressed in at least one pairwise comparison between the three 3RP 11 

karyotypes (see Materials and Methods for details). Considering genome-wide changes at a 12 

padj cut-off of 0.01, this quantification involved 372 genes in embryos and 182 in wing discs 13 

(Fig. 4; Table S6). 14 

 15 

The distributions of h-values of the DEG in the two developmental contexts are shown in 16 

Figure 4A. The two distributions are markedly different from each other (two-sided 17 

Kolmogorov-Smirnov test: p = 3.84 x 10-14): the distribution of h for embryos is left-skewed 18 

(skewness 𝛾 = -0.97) with a mode of 1 (mean = 0.68, median = 0.9, variance σ2 = 0.16, 19 

kurtosis 𝜅 = -0.57) which implies complete dominance of the INV “allele”, whereas the 20 

distribution for wing discs is right-skewed (𝛾 = 0.26) with a mode of 0 (mean = 0.44, median = 21 

0.4, σ2 = 0.15, 𝜅 = -1.1) which indicates complete recessivity of the INV “allele” (note that we 22 

excluded over- and underdominant genes from statistical analysis since their values were 23 

defined to be only nominal; see Materials and Methods). The difference between these two 24 

distributions is also evident when comparing the z-scores for the different modes of 25 

inheritance (Fig. 4B, Table S6). 26 

 27 

As our design involved two genetic backgrounds (i.e., two independent sets of INV/IN, 28 

STD/STD and HET; see Introduction), the distributions shown in Figure 4 represent average 29 

values across the two backgrounds. We therefore also sought to analyze the two 30 

backgrounds individually (Fig. S8; Table S6). While the individual patterns are more variable, 31 

we still observe marked, statistically significant shifts in the distributions of the dominance 32 

coefficients between embryos and wing discs for both backgrounds, even though these shifts 33 

do not, strictly speaking, involve complete reversals (for one background the mode of h shifts 34 

between 0.6 and 1.1, while for the other background it shifts between -0.1 and 0.5). Thus, 35 

with the caveat in mind that we have examined only two independent sets of STD vs. INV 36 
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chromosomes, our results suggest that, on average, the INV “allele” is subject to a 1 

dominance reversal between embryos and wing discs. More generally, our results document 2 

significant shifts of the h-distributions between the two developmental contexts. This is 3 

relevant in view of recent theoretical work suggesting that context-dependent changes in 4 

dominance coefficients can broadly stabilize biallelic polymorphism even without complete 5 

reversals of dominance, i.e., a substantial fraction of the stabilizing dominance schemes 6 

involves non-reversing changes (Brud 2025). 7 

 8 

While a small number of studies has estimated h for genes whose expression is affected by 9 

polymorphic inversions (Fuller et al. 2016; Said et al. 2018; Berdan et al. 2021), here we 10 

have analyzed how a balanced inversion polymorphism affects the quantitative properties of 11 

the h-distribution in two different developmental contexts. Our analyses suggest that, as 12 

hypothesized, the INV and STD arrangements behave like alternative Mendelian alleles with 13 

regard to gene expression and that they are subject to a reversal (or shift) of the degree of 14 

dominance between the two contexts. 15 

 16 

Owing to this Mendelian behavior, and to the fact that the alternative arrangements not only 17 

affect multiple complex fitness-related traits (e.g., Kapun et al. 2016b; Durmaz et al. 2018; 18 

Paris et al. 2025) but also the expression of numerous genes in- and outside the inverted 19 

region in an apparently concerted manner, the 3RP polymorphism clearly fulfills all the 20 

hallmarks of a polygenic supergene: “A genetic architecture involving multiple linked 21 

functional elements that allows switching between discrete, complex phenotypes in a stable 22 

local polymorphism” (see Thompson & Jiggins 2014, p. 3) and, similarly, “Supergenes are 23 

genomic regions containing sets of tightly linked loci that control multi-trait phenotypic 24 

polymorphisms under balancing selection” (see Gutiérrez-Valencia et al. 2021, p.1; also see 25 

Parsons & Bodmer 1961; Schwander et al. 2014; Berdan et al. 2022; Schaal et al. 2022). 26 

 27 

Our findings add to a short but growing list of examples of context-dependent dominance 28 

reversals (see review in Grieshop et al. 2024). For example, at the gene expression level, 29 

previous work has identified dominance reversals in D. melanogaster, involving reversals 30 

between thermal environments (Chen et al. 2015) or between the sexes (Mishra et al. 2024), 31 

but, to the best of our knowledge, no expression-level dominance reversals have so far been 32 

documented for chromosomal inversions. At the phenotypic level, three previous studies of 33 

inversions in fish, butterflies and seaweed flies have identified potentially beneficial, context-34 

dependent dominance reversals between fitness components and/or between the sexes (Le 35 

Poul et al. 2014; Pearse et al. 2019; Mérot et al. 2020). Our observations herein are also 36 

interesting in the context of our recent work on the phenotypic effects of the 3RP inversion 37 
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polymorphism where we find evidence for dominance reversals for a size-related trait 1 

between the sexes as well as between different traits (Paris et al. 2025). In addition, another 2 

trait, desiccation resistance, exhibits a sex-dependent non-reversing change of dominance 3 

(INV being recessive in females, but HET overdominant in males) (Paris et al. 2025).  4 

 5 

When assessing which genes show actual evidence of a dominance reversal, we found that 6 

only a handful exhibit significantly differential expression in both embryos and wing discs and 7 

hence allowed for a comparison of dominance coefficients (Fig. S9). Interestingly, this 8 

suggests that the INV “allele” is subject to a “higher-order” dominance reversal (or shift) that 9 

involves largely distinct sets of genes with inherently different h-distributions between the two 10 

developmental contexts. The only gene that showed a clear reversal of dominance between 11 

embryos and wing discs is Lysine demethylase 2 (Kdm2). This gene encodes a histone 12 

demethylase that plays a major role in gene regulation and the histone code (Lagarou et al. 13 

2008; Kavi & Birchler 2009; https://flybase.org/reports/FBGN0037659); it could therefore be 14 

an important factor in mediating the global context-specific gene expression changes which 15 

we have observed in our data. 16 

 17 

What causes dominance reversals? Theory suggests that dominance reversals might reflect 18 

nonlinear properties of genotype-phenotype (G-P), phenotype-fitness or genotype-fitness 19 

maps, i.e., they might arise when context-dependent (fitness or G-P) functions overlap in the 20 

vicinity of their concave (fitness or trait) optima (e.g., see Connallon & Chenoweth 2019; Reid 21 

et al. 2022; Grieshop et al. 2024). The nonlinearity of such maps is conceptually closely 22 

related to Wright’s physiological model of dominance, which posits a saturating (concave) 23 

relationship between gene (enzyme) activity and phenotype (fitness) (Wright 1929, 1934, 24 

1977), and modern extensions and reformulations of this model (e.g., Kacser & Burns 1981; 25 

Keightley 1996; Gilchrist & Nijhout 2001; Bagheri & Wagner 2004; Bagheri 2006; Veitia et al. 26 

2013). Such nonlinearity also plays a role in evolutionary models of dominance postulating 27 

that selection optimizes gene expression so that higher expression levels (or enzyme 28 

concentrations) might buffer against the effects of environmental perturbations and 29 

deleterious loss-of-function mutations (Hurst & Randerson 2000; Huber et al. 2018; also see 30 

Manna et al. 2011), an idea dating back to Haldane (1930). 31 

 32 

Another possibility is that dominance reversals result from the action of another locus, a 33 

“dominance modifier”, which affects the dominance properties of the focal locus (Spencer & 34 

Priest 2016; Otto & Bourguet 1999). The idea that dominance modifiers underlie the 35 

evolution of dominance was developed by Fisher (1928) but criticized by Wright (1929), who 36 

argued that selection on modifier loci would likely be too weak to be effective – this prompted 37 
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Wright to develop his physiological model (see above). Indeed, several empirical 1 

observations (e.g., the commonly observed negative relationship between h and the 2 

selection coefficient s) seem to be at odds with Fisher’s theory for the evolution of 3 

dominance, so that it is widely held to be incorrect, or at least in a large part (e.g., see Orr 4 

1991; Charlesworth & Charlesworth 2010; Billiard & Castric 2011; Huber et al. 2018; Di & 5 

Lohmueller 2024). However, the potential importance of dominance modifiers should not be 6 

dismissed too readily. 7 

 8 

First, there is long-standing evidence for genetic variation affecting dominance that is 9 

consistent with the existence of dominance modifiers (e.g., Fisher 1938; reviewed in Sved & 10 

Mayo 1970; Mayo & Bürger 1997; Otto and Bourguet 1999). Similarly, mounting evidence 11 

indicates that the dominance properties of focal loci often vary as a function of genetic 12 

background and multi-locus interactions (reviewed in Li & Bank 2023). 13 

 14 

Second, there is a large body of indirect (and, more rarely, direct) evidence for the existence 15 

of dominance modifiers and their evolution, for example from selection and/or QTL 16 

experiments (e.g., Ohh & Sheldon 1970; Thomson & Thoday 1972; Day & Cummins 1975; 17 

McKenzie & Game 1987; Doebley et al. 1995; Davies et al. 1996; Mayo & Bürger 1997; 18 

Bourguet et al. 1997; Bourguet 1999; Otto & Bourguet 1999; Naisbit et al. 2003). The 19 

perhaps best-known direct evidence comes from the discovery of a trans-acting small non-20 

coding RNA (sRNA) that determines the dominance relations of alleles at the SP11 locus 21 

involved in self-incompatibility in Brassica (Tarutani et al. 2010) – this represents prima facie 22 

molecular evidence for the sort of dominance modifier envisaged by Fisher (1928; see 23 

Billiard & Castric 2011). Intriguingly, in a similar vein, Durand et al. (2014) identified a 24 

complex regulatory network consisting of 17 sRNA-producing loci and their targets which 25 

together control a dominance hierarchy of alleles at the self -incompatibility locus in 26 

Arabidopsis halleri. For a recent example of molecularly identified dominance modifiers in 27 

yeast see the study by Matsui et al. (2022). 28 

 29 

Third, in situations where heterozygotes are maintained at appreciable frequencies, for 30 

example by migration-selection balance or short-term balancing (e.g., overdominant or 31 

antagonistic balancing) selection, theory shows that selection can favor dominance modifiers 32 

(Otto & Bourguet 1999; Spencer & Priest 2016; also cf. Van Dooren 1999; Billiard & Castric 33 

2011; Proulx & Teotónio 2022) which may or may not eventually lead to long-term balancing 34 

selection. This point is critical as Wright’s objection to Fisher’s theory was based on the rarity 35 

of heterozygotes and, as pointed out by Wright himself (Wright 1929), does not apply to 36 
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balanced polymorphisms (see Otto & Bourguet 1999; Bagheri & Wagner 2004 for 1 

discussion). 2 

 3 

Notably, Fisher’s and Wright’s opposing views may not necessarily be mutually exclusive 4 

(Gilchrist & Nijhout 2001; Bagheri 2006; Plutynski 2008; Billiard et al. 2021). Mechanistic 5 

models investigating the regulation of gene expression indicate that the two viewpoints might 6 

be reconcilable (Omholt et al. 2000; Llaurens et al. 2015; Fyon et al. 2015; Porter et al. 2017; 7 

Grieshop et al. 2024; reviewed in Billiard et al. 2021). Porter and colleagues (2017), for 8 

example, developed a biophysically explicit model of gene regulation and found that in 9 

heterozygotes molecular interactions between TF variants that are competing for binding to 10 

their shared promoters can lead to the emergence of dominance (also see Porter et al. 11 

2025). Interestingly, Grieshop et al. (2024) have recently extended the model of Porter et al. 12 

(2017), providing the first biophysically explicit model of a dominance modifier and its 13 

evolution. In short, this model involves a dominance-reversed TF and requires molecular 14 

interactions between its cis-regulatory binding sites and a trans-acting regulatory stimulus. 15 

Simulations show that the focal (sexually antagonistic) polymorphism (i) can be maintained 16 

by the dominance reversal and (ii) exhibits reversed allele-specific expression between the 17 

two contexts (i.e., sexes) (Grieshop et al. 2024). 18 

 19 

As several of the empirical and theoretical advances discussed above indicate that 20 

transcriptional regulators such as TFs or sRNAs might represent promising candidates for 21 

dominance modifiers, we sought to take a closer look at the transcriptional regulators in our 22 

dataset and to see whether we could discern patterns that might be consistent with the 23 

model of Grieshop et al. (2024). 24 

 25 

The transcriptional regulator HP1c might be a dominance modifier 26 

The fact that we found enrichment of several GO terms related to transcriptional regulation in 27 

embryos (where INV tends to be dominant), but not in wing discs (where INV tends to be 28 

recessive; Fig. S3, Fig. S5) is interesting since trans-acting variants are more often dominant 29 

or recessive as compared to cis-regulatory variants which have predominantly additive 30 

effects (Hughes et al. 2006; Wray 2007; Lemos et al. 2008; McManus et al. 2010; Zhang et 31 

al. 2011; Gruber et al. 2012; Meiklejohn et al. 2014; Porter et al. 2017). 32 

 33 

In embryos, a quarter (n=31) of all DEG (padj ≤ 0.001) between INV/INV and STD/STD 34 

encode transcriptional regulators (Table S7). Notably, most of these genes were expressed 35 

at a lower level in STD, except for HP1c. Three of the 31 loci, abd-A, Eip93F and HP1c, are 36 

located in the region spanned by 3RP. While none of the 4 DEG between HET and INV/INV 37 
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encodes a transcriptional regulator, 22% (n=37) of the DEG between HET and STD/STD do. 1 

Twenty-five of these genes are the same as in the INV/INV vs. STD/STD comparison, and 2 

expression was likewise lower in STD/STD for all genes except pre-mod(mdg4)-P. These 3 

similarities between the INV/INV vs. STD/STD and the HET vs. STD/STD comparisons 4 

corroborate that expression in HET is largely determined by the dominant INV chromosomal 5 

arrangement. Also here, in the HET vs. STD/STD comparison, three genes are located in the 6 

region spanned by 3RP, namely abd-A, Eip93F and pre-mod(mdg4)-P. 3R and 3RP 7 

contributed 38.4% and 14.4%, respectively, of the total number of DEG between the INV/INV 8 

and STD/STD in embryos, while these proportions were substantially higher in wing discs 9 

(56% of all DEG on 3R and 34% in the region of 3RP; Tables S1 and S2). We only found a 10 

single differentially expressed transcriptional regulator in wing discs (both in the STD/STD vs. 11 

INV/INV and the HET vs. INV/INV comparisons), namely HP1c. When comparing differential 12 

expression between embryos and discs, we only found four DEG that were shared between 13 

the two developmental contexts (padj ≤ 0.001): CG18853, CG31251, asRNA:CR46029, and, 14 

interestingly, again, HP1c. 15 

 16 

This latter gene, Heterochromatin Protein 1c, encodes a chromatin-binding protein involved 17 

in telomere capping and transcription regulation and forms a transcriptional complex with two 18 

zinc-finger TFs, woc and row (http://flybase.org/reports/FBgn0039019.htm; Font-Burgada et 19 

al. 2008; Abel et al. 2009; Kwon & Workman 2011; Kessler et al. 2015; Di Mauro et al. 2020; 20 

Sun et al. 2021; Schoelz et al. 2021; Schoelz & Riddle 2022). HP1c acts mostly as a 21 

transcriptional activator (Kwon et al. 2010; Kwon & Workman 2011; Schoelz et al. 2021; 22 

Schoelz & Riddle 2022) and genes bound by HP1c are typically expressed at a higher level 23 

than unbound genes across chromatin contexts (Schoelz et al. 2021). This is interesting 24 

given that selection might favor higher (optimal) expression levels, and stronger dominance, 25 

unless the costs of higher expression are too large (see Hurst & Randerson 2000; also see 26 

Haldane 1930; Manna et al. 2011; Huber et al. 2018).  27 

 28 

Five facts render HP1c an attractive candidate for a dominance modifier: HP1c (i) is the only 29 

differentially expressed transcriptional regulator shared between embryos and wing discs; (ii) 30 

functions as a epigenetic regulator of transcription, causing higher expression of genes 31 

bound by it; (iii) can, depending on the context, act as a repressor (Sun et al. 2021); (iv) 32 

exhibits foci often corresponding to sites where many TFs or other regulatory proteins are co-33 

localized, i.e., so-called “hotspots” which are typically located in or near highly active genes 34 

(Moorman et al. 2006; de Wit et al. 2007); and (v) harbors single nucleotide polymorphisms 35 

(SNPs) that represent outliers in terms of genetic differentiation (FST) between 3RP INV vs. 36 

STD chromosomes, as shown in our previous work (Kapun et al. 2023). 37 
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 1 

The latter observation is confirmed by an analysis of phased DNA sequencing data for the 2 

INV vs. STD lines used here (Fig. S10): indeed, HP1c harbors several SNPs that are 3 

strongly differentiated between the INV and STD arrangement, with a maximum value of FST 4 

= 0.58 (cf. Kapun et al. 2023). Closer inspection of the gene-dense region surrounding HP1c 5 

also revealed other loci with FST outliers; in particular, strongly differentiated SNPs at the 6 

Usp12-46 locus (3R 22,752,448; maximum FST = 0.92), located about 7 kb upstream of HP1c 7 

(Fig. S10). Again, we had singled out this locus as an outlier of FST differentiation between 8 

the INV and STD arrangements in previous work (Kapun et al. 2016a, 2023). Similar to the 9 

role of HP1c as a Notch repressor (Sun et al. 2021), Usp12-46 encodes a deubiquitinating 10 

enzyme that negatively regulates Notch (Moretti et al. 2012). Furthermore, Usp12-46 11 

positively regulates Wnt signaling (Spencer et al. 2023). 12 

 13 

While the promoters of several genes in the region shown in Fig. S10, including those of 14 

HP1c and Usp12-46, are clearly accessible, chromatin accessibility does not differ markedly 15 

between the three 3RP karyotypes, with one major exception: a small region upstream of the 16 

Usp12-46 promoter (see the black rectangle in Fig. S9), where chromatin is less accessible 17 

in INV/INV as compared to STD/STD and HET (i.e., consistent with STD being dominant in 18 

wing discs) and which also harbors SNPs that are major FST outliers. This region could thus 19 

represent a CRM, potentially of both HP1c and Usp12-46. It is noteworthy in this context that 20 

in the biophysical model of Grieshop et al. (2024) the dominance modifier, represented by a 21 

TF polymorphism, exhibits molecular interactions between its cis-regulatory binding sites and 22 

a trans-acting regulatory stimulus.  23 

 24 

The HP1c locus and its neighborhood thus represent a promising genomic region that might 25 

underlie the dominance reversal between the 3RP INV and STD arrangements and their 26 

context-dependent effects on expression. (Another interesting candidate gene is Kdm2, as 27 

mentioned further above.) 28 

 29 

(For analyses of (i) indels in putative CRMs that might affect chromatin accessibility and (ii) 30 

overrepresented sequence motifs that might represent preferred TF binding sites and 31 

promoter elements, we refer to the supplementary results, Tables S8, S9, and S10, and Fig. 32 

S10 in the Supplementary Materials file.) 33 

 34 

Quantification of cis versus trans effects  35 

Given the likely involvement of transcriptional regulators in the observed gene expression 36 

differences between the STD and INV chromosomal arrangements, we sought to quantify the 37 
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relative contribution of cis vs. trans-regulatory genetic changes to expression differences 1 

between the INV and STD karyotypes. In the context of inversion polymorphism, allelic 2 

imbalance (i.e., an expression difference between the INV and STD alleles in the 3 

heterokaryotype) implies that a genetic difference between the parental karyotypes (INV/INV 4 

and STD/STD) affecting gene expression is in linkage disequilibrium (LD) with the gene 5 

whose expression is affected (see Wang et al. 2020; also cf. Rockman & Kruglyak 2006; 6 

Wittkopp et al. 2008; Signor & Nuzhdin 2018). As LD typically decays quite rapidly with 7 

physical distance, this is interpreted as a “cis” (“nearby” or “local”) effect, i.e., differential 8 

gene expression is due to a linked cis-regulatory polymorphism. In contrast, no (or weak) 9 

allelic imbalance in the heterokaryotype implies a “trans” (“distant”) genetic effect. In such a 10 

situation, an expression difference between the INV/INV and STD/STD parental karyotypes 11 

is interpreted as being independent of any differences in cis-regulatory elements between the 12 

karyotypes and instead caused by a genetically based effect which is not in LD with the gene 13 

whose expression is affected (see Wang et al. 2020). This can arise, for instance, from 14 

genetic differences in the binding specificity or expression levels of a transcription factor. 15 

There can also exist a mix of such cis and trans effects (Wang et al. 2020). 16 

 17 

Figure 5 shows the quantification of cis vs. trans effects in embryos and wing discs for (i) all 18 

genes and (ii) those genes that are spanned by 3RP. We calculated cis-regulatory 19 

differences as the log2 of the ratio of allelic expression in the STD / INV heterokaryotypes 20 

(log2 fold-change [STD / INV] in HET), and the expression difference between the parental 21 

homokaryotypes was calculated as the log2 of the ratio of total transcript abundance between 22 

them (log2 fold change [STD homokaryotype / INV homokaryotype]) (e.g., see Wittkopp et al. 23 

2008). We used HyLiTE to assign reads in the heterokaryotypes to the parent-of-origin STD 24 

vs. INV alleles (see Duchemin et al. 2015; Wang et al. 2020) and we followed the system by 25 

Shi et al. (2012) to classify them into the categories “only cis”, “only trans”, “cis-trans” (i.e., a 26 

combination of cis and trans effects), and “no cis-trans”. Briefly, DEG in the STD/STD vs. 27 

INV/INV comparison that showed a similar differential allelic expression were classified as 28 

only cis. DEG for which the two alleles in HET showed no differential expression were 29 

classified as only trans. Otherwise (i.e., if a gene and its alleles in the F1 showed differential 30 

expression but the log2 fold changes were dissimilar), genes were classified as cis-trans. 31 

Those genes for which cis-regulatory differences account for all of the expression differences 32 

between the INV and STD alleles (i.e., 100% cis) would fall on the diagonal 1:1 (y = x) line, 33 

whereas genes whose expression is completely unaffected by any cis-regulatory effects 34 

between the INV and STD alleles (0% cis = 100% trans) would fall on the horizontal (y = 0) 35 

line (see Wittkopp et al. 2008).  36 

 37 
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As can be seen from Figure 5 and the quantification in Table S11, most genes for which we 1 

can assign reads allele-specifically (4923 in embryos; 4144 in wing discs) do not show clear 2 

cis only or trans only effects (“no cis-trans”: 90.92% in embryos, 88.15% in wing discs). For 3 

the remaining genes, trans only effects tend to outweigh cis only effects in both embryos 4 

(Fig. 5A) and wing discs (Fig. 5B): 309 genes in embryos (6.28%) and 308 genes in wing 5 

discs (7.43%) were classified as trans only, whereas 64 genes in embryos (1.3%) and 75 6 

genes in wing discs (1.81%) were classified as cis only. This stronger trans effect is also 7 

apparent by the fact that the Pearson’s correlation coefficient R of gene and allele expression 8 

changes is close to zero (R = 0.05 in embryos; R = 0.08 in wing discs). Genes with a 9 

significant difference in both gene and allele expression (p ≤ 0.05) showed a much higher 10 

degree of correlation, with R = 0.29 in embryos and even R = 0.82 in wing discs. Mixed cis 11 

and trans effects were found for 76 genes in embryos (1.54%) and 110 genes in wing discs 12 

(2.65%).  13 

 14 

When specifically considering genes spanned by 3RP (Fig. 5C, Fig. 5D), there is a higher 15 

degree of correlation in both embryos (R = 0.12) and wing discs (R = 0.1) as compared to 16 

Fig. 5A and Fig. 5B, indicating more cis effects than when considering all genes. Indeed, 17 

while the share of cis only genes in 3RP is higher than when assessing all genes in both 18 

embryos and wing discs, the share of trans genes only increases in wing discs: 18 out of 609 19 

genes in embryos (2.96%) and 29 out of 522 in wing discs (5.56%) showed cis effects while 20 

30 genes in embryos (4.93%) and 51 genes in wing discs (9.77%) exhibited trans effects. 21 

This could indicate that a higher proportion of genes in 3RP change expression due to 22 

genetic differences at cis-linked regulatory elements, while genes in the rest of the genome 23 

are more likely to change expression due to genetic differences in trans, i.e., likely 24 

differences in the expression of upstream TFs. 25 

 26 

As the above results represent averages across two backgrounds (see above), and as 27 

background-specific effects in cis/trans regulation have been documented in Drosophila 28 

before (Osada et al. 2017; Puixeu et al. 2023; Glaser-Schmitt et al. 2024), we were 29 

interested in quantifying these effects individually for the two backgrounds (Fig. S11, Table 30 

S11). This analysis confirmed that, for each of the two backgrounds, the majority of genes 31 

does not show any clear cis only or trans only effects. Secondly, for genes that do show cis 32 

only vs. trans only effects, the backgrounds differ markedly in the number and proportion of 33 

cis vs. trans effects (Table S11). Thus, the observation that trans effects outweigh cis effects 34 

in both embryos and wing discs holds true on average, but there are clearly marked effects 35 

of genetic background.  36 

 37 
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Summary and Conclusions 1 

Population genetics theory suggests that beneficial dominance reversals, the phenomenon 2 

whereby an allele is partially or completely dominant in contexts in which it is selectively 3 

favored but recessive in contexts in which it is deleterious, might be an important mechanism 4 

of balancing selection, yet empirical evidence remains relatively scarce (see Connallon & 5 

Chenoweth 2019; Grieshop et al. 2024). Moreover, recent theoretical work suggests that 6 

even non-reversing shifts in the degree of dominance between different contexts can 7 

contribute to stabilizing biallelic polymorphism (Brud 2025). 8 

 9 

Here, we have used RNA-seq and ATAC-seq to examine how a globally widespread 10 

chromosomal inversion polymorphism in D. melanogaster, In(3R)Payne, thought to be 11 

maintained by long-term balancing selection (e.g., Kapun et al. 2023; also see Paris et al. 12 

2025), affects gene regulatory profiles during development. We find that the alternative 13 

chromosomal arrangements of this inversion polymorphism behave like classical Mendelian 14 

alleles and that (on average, across two independent genetic backgrounds assayed) they 15 

undergo a major context-dependent reversal of dominance: while in embryos the INV 16 

arrangement tends to have dominant effects on the expression of most genes, in wing discs 17 

the STD arrangement tends to behave dominantly. More generally, when looking at the 18 

individual genetic backgrounds, we observe significant shifts between embryos and wing 19 

discs in the distribution of the dominance coefficients with respect to the INV “allele” (cf. Brud 20 

2025). 21 

 22 

While the relationship between patterns of gene expression and chromatin accessibility 23 

documented here and Darwinian fitness remains unclear, our results are consistent with a 24 

role of dominance reversals (or shifts in dominance) in maintaining balanced inversion 25 

polymorphisms (see Paris et al. 2025; also see Mérot et al. 2020). 26 

 27 

It is conceivable that the observed changes in the dominance distributions between the two 28 

developmental contexts might be mediated by a dominance modifier (Fisher 1928, 1930a,b), 29 

for example a TF or another transcriptional regulator (Grieshop et al. 2024). Consistent with 30 

Fisher’s concept and with a small handful of studies that have established the existence of 31 

molecularly defined dominance modifiers (Tarutani et al. 2010; Durand et al. 2014; Matsui et 32 

al. 2022), we identify a major epigenetic transcriptional regulator, the chromatin binding 33 

protein HP1c, as a promising candidate dominance modifier. 34 

 35 

It is worth pointing out in this context that one of the main objections to Fisher’s modifier 36 

theory was based on the presumed rarity of heterozygotes (Wright 1929, 1934). If, however, 37 
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heterozygotes are relatively common, say, e.g., due to some form of short-term balancing 1 

selection, selection can favor dominance modifiers, as has been found in several theoretical 2 

studies (Otto & Bourguet 1999; Spencer & Priest 2016; also see Proulx & Teotónio 2022), 3 

and this might or might not eventually lead to a long-term balanced polymorphism. A long-4 

term balanced chromosomal inversion polymorphism which shows evidence of dominance 5 

reversals at both the gene expression level (this study) as well as at the fitness-component 6 

level (see Paris et al. 2025) might be compatible with such a scenario.  7 

 8 

Further studies of balanced inversion polymorphisms in the light of dominance reversals (or 9 

context-dependent shifts in dominance coefficients more generally) will undoubtedly be of 10 

great interest and might help to illuminate how they are being maintained at intermediate 11 

frequencies in natural populations. 12 

 13 

Materials and Methods 14 

Drosophila stocks and maintenance 15 

We used four isofemale lines derived from two populations in southern Florida (USA): 16 

Jacksonville and Homestead, previously collected by one of us (PS) (Table S11; also see 17 

Kapun et al. 2016b). These lines were chosen because they carried both the INV and STD 18 

arrangement of 3RP, but not any other segregating cosmopolitan inversion polymorphisms 19 

[(In(2L)t, In(2R)Ns, In(3R)K, In(3R)Mo; see Lemeunier and Aulard (1992); Kapun and Flatt 20 

(2019)]. The presence of inversions was determined using karyotype-specific PCR markers 21 

(Matzkin et al. 2005; Corbett-Detig et al. 2012) on DNA extracted from pools of 10-15 flies. 22 

Stocks were maintained under controlled conditions at 18°C with ~60% relative air humidity 23 

and a 12-hour light:dark cycle on a standard cornmeal-sugar-yeast-agar diet.  24 

 25 

Isolation of inverted and standard chromosomes 26 

To isolate individual INV or STD 3R chromosomes, we followed the chromosome extraction 27 

protocol of Kapun et al. (2016b). In short, for each isofemale line we performed five replicate 28 

crosses between single males and 3-5 females of the third-chromosome TM6B balancer 29 

stock (Bloomington Drosophila Stock Center [BDSC] #1711). Balanced stocks were 30 

backcrossed four times to the balancer stock to ensure genetic homogeneity. 31 

 32 

Generation of inversion homo- and heterokaryotypes 33 

We created 3RP INV/INV and STD/STD homokaryotypes by crossing previously isolated 3R 34 

chromosomes (maintained over the balancer) in a pairwise manner, resulting in all 16 35 

possible combinations of isolated chromosomes within each karyotype (including reciprocal 36 
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crosses; e.g., for the 4 INV lines 1-4: 12, 13, 14, 23, 24, 34, 21; 31, 41, 32, 42, 43; and 11, 1 

22, 33, 44; and analogously for STD lines 5-8; see Table S11). To avoid inbreeding and 2 

maximize allelic variation within the inverted region, we selected two heterozygous INV 3 

homokaryotypes (23 and 41) and their corresponding STD counterparts (67 and 85; Table 4 

S11). We maintained these four heterozygous homokaryotypes as separate panmictic 5 

populations (in small population cages at 25°C, ~60 % RH, 12-h LD, on a standard 6 

cornmeal-sugar-yeast-agar diet) and let them outbreed and recombine for 22 generations. 7 

From these homokaryotypes we generated two heterokaryotypes (HET = INV/STD) by 8 

reciprocally crossing the recombinant homokaryotypes (F22 adults) 23 (INV) to 67 (STD), 9 

and 41 (INV) to 85 (STD). This allowed us to partially recreate the original chromosomal 10 

combinations found in the isofemale lines (Table S10; chromosomes 1 and 5; 2 and 6; 3 and 11 

7; and 4 and 8 originate from the same line, respectively). We used embryos and larvae of 12 

the resulting F1 HET individuals for subsequent analysis, together with the F23 progeny of 13 

the parental recombinant homokaryotypes. 14 

 15 

RNA-seq 16 

By treating the alternative INV vs. STD arrangements as Mendelian alleles, we used RNA-17 

seq expression profiling to study allele-specific (i.e., arrangement-specific) patterns of gene 18 

expression. For each of the four homokaryotypes and the two heterokaryotypes we extracted 19 

RNA in duplicate reactions. Twelve wing discs from twelve L3 larvae per replicate were 20 

dissected in PBS on ice and flash frozen in liquid nitrogen. For HET, reciprocal cross 21 

directions were pooled (e.g., six samples from 41 x 85 pooled with six samples from 85 x 41). 22 

For embryo samples, we collected 20-24 eggs 4-6 h after egg laying per replicate, and also 23 

here reciprocal cross directions were pooled. Total RNA was extracted using a Promega 24 

Maxwell RSC simplyRNA Tissue Kit and Maxwell RSC Instrument, following the 25 

manufacturer's protocol. TruSeq stranded mRNA-seq library preparation and sequencing on 26 

an Illumina NovaSeq (50 bp paired-end) were carried out by Edinburgh Genomics 27 

(https://genomics.ed.ac.uk/). Each library was sequenced twice to a depth of between 14 28 

and 38 Million (mean: 21.5 M) reads. Reads were analyzed with reference to the D. 29 

melanogaster reference genome dm6 using Salmon (Patro et al. 2017) and differential 30 

expression analysis was performed using DESeq2 (Love et al. 2014). Fold changes in gene 31 

expression were adjusted using the “apeglm” method (Zhu et al. 2019). When comparing 32 

different regions on chromosome 3R, the extended breakpoint regions of 3RP were defined 33 

as the left (3R:16,432,209) and right (3R:24,744,010) breakpoint ± 2 Mb (also see Matzkin et 34 

al. 2005; http://flybase.org/reports/FBab0005639.htm). Gene ontology (GO) analysis was 35 

performed using ShinyGO 0.76 (Ge et al. 2020) with default settings. For data visualisation 36 
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and plotting in R (R Core Team, 2023) and RStudio we used the following packages: 1 

EnhancedVolcano (Blighe et al. 2018), ggplot2 (Wickham 2016), tidyverse (Wickham et al. 2 

2019), dplyr (Wickham et al. 2023), tibble (Müller & Wickham 2023), tximport (Soneson et al. 3 

2015), magrittr (Bache & Wickham 2022), and RColorBrewer (Neuwirth 2022). 4 

 5 

Estimation of the dominance coefficient h 6 

We removed X-linked genes for this analysis as we did not determine the sex of either 7 

embryos or larvae before sample processing. For genes that were significantly differentially 8 

expressed in at least one pairwise comparison between the three karyotypes, we estimated 9 

the degree of dominance or dominance coefficient h (e.g., see Lagervall 1961; Falconer & 10 

Mackay 1996; Lynch & Walsh 1998; Di & Lohmueller 2024) by taking the mean of the 11 

normalized read counts (MNRC) after DeSeq2 analysis for each karyotype and using the 12 

following formula for h (following Bourguet et al. 2000; cf. Roux et al. 2005; Paris et al. 13 

2008):  14 

 15 

h = (MNRC [STD/STD] - MNRC [HET]) / (MNRC [STD/STD] - MNRC [INV/INV]) 16 

 17 

(see Fuller et al. 2016 for a similar analysis in the context of inversions).  18 

 19 

We rounded the values to the first decimal. Using this equation, the inverted (INV) karyotype 20 

(“allele”) is defined as being dominant when h = 1 (i.e., meaning STD is recessive), as 21 

additive (semi-dominant) when h = 0.5, and as recessive when h = 0 (i.e., meaning that STD 22 

is dominant). In our empirical expression data, we allowed for deviations of h of ± 0.1 and 23 

hence operationally classified the INV allele as being fully dominant when 0.9 ≤ h ≤ 1.1, as 24 

partially dominant when 0.6 < h < 0.9, as fully additive when 0.4 ≤ h ≤ 0.6, as partially 25 

recessive when 0.1 < h < 0.4, and as fully recessive when -0.1 ≤ h ≤ 0.1. We also quantified 26 

the number of differentially expressed genes (DEG) that showed overdominance (h > 1) or 27 

underdominance (h < 0) by taking h > 1.1 to indicate overdominance and h < -0.1 to indicate 28 

underdominance. Note that, here, the classification of DEG into the categories dominant vs. 29 

recessive, additive, overdominant or underdominant does not refer to selection or fitness, as 30 

is usually the case in population genetics (e.g., see Di & Lohmueller 2024), but to the 31 

(phenotypic) mode of inheritance, as is the convention in classical transmission genetics 32 

(Zschocke et al. 2022; also see Gibson et al. 2004 and Fuller et al. 2016). For the generation 33 

of plots see the section on RNA-seq above; additionally, we used the R package ggdist (Kay 34 

2023). To visualize over- and underrepresentation of the dominance categories in each 35 

dataset, we calculated z-scores for the numbers of genes that fall into each category (for a 36 

similar analysis see Fuller et al. 2016). 37 
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 1 

ATAC-seq 2 

We collected twelve wing discs per replicate and processed two technical replicates for each 3 

karyotype to analyze chromatin accessibility using ATAC-seq (“assay for transposase-4 

accessible chromatin with sequencing”; see Buenrostro et al. 2013, 2015). Discs were 5 

dissected in PBS and kept on ice until tagmentation. The Omni-ATAC protocol (Corces et al. 6 

2017) was followed for tagmentation and library preparation. The library preparation PCR 7 

was run for 15 cycles, libraries were analyzed on Agilent 2200 TapeStation and sequenced 8 

on an Illumina NovaSeq (50 bp paired-end) by Edinburgh Genomics. Each library was 9 

sequenced twice to a depth of between 42 and 68.5 Million (mean: 54 M) reads. Reads 10 

were aligned to the D. melanogaster genome 6.36 (FlyBase; https://flybase.org/) using 11 

bowtie2 v.2.3.4.1 (Langmead and Salzberg 2012) with the options --very-sensitive -X 2000 12 

and converted into bam files using samtools v.1.7 (Danecek et al. 2021). Alignment rates 13 

ranged between 79 and 95 % (mean: 89.3 %). We also used samtools to remove non-unique 14 

alignments and alignments with mapping quality of less than 30, to filter out reads mapping 15 

to the mitochondrial genome, to remove PCR duplicates, and to merge technical replicates. 16 

bedtools v.2.29.2 (Quinlan and Hall 2010) was used to convert the bam into bed files and 17 

reads were shifted according to Buenrostro et al. (2013). Peaks were called using macs2 18 

(Zhang et al. 2008) with the following options: --nomodel --shift -100 --extsize 200 -g dm --19 

keep-dup all. Data visualization was performed using deeptools v.3.5.0 (Ramírez et al. 2016) 20 

and pyGenomeTracks v.3.6 (Ramírez et al. 2018; Lopez-Delisle et al. 2021). Motif analysis 21 

was performed using XSTREME (Grant & Bailey 2021) from the MEME Suite 5.4.1 (Bailey et 22 

al. 2015) with default parameters and the Any number of repetitions option in the MEME 23 

analysis. For generation of other plots see “RNAseq” and “Estimation of the dominance 24 

coefficient h”. Finally, as a methodological caveat, we note that TF binding sites of silencer-25 

associated TFs might not be detectably open/accessible by ATAC-seq assays (Hofbauer et 26 

al. 2024). 27 

 28 

Allele-specific expression analysis and estimation of cis and trans effects 29 

We first generated a gene set containing all genes from the D. melanogaster reference 30 

genome dm6 and aligned RNAseq reads to it using bowtie2 v 2.4.1 (Langmead and Salzberg 31 

2012) with the option --very-sensitive-local. We then used samtools v 1.21 (Danecek et al. 32 

2021) to generate a pileup file according to the HyLiTE manual (Duchemin et al. 2015) and 33 

finally used HyLiTE version 2.0.2 to assign RNA-seq reads from HET samples allele-34 

specifically to the INV or STD genotype. This was done for each HET genotype (23X67 and 35 

41X85) individually. During the analysis, we removed genes without allele-specific 36 
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information as well as X-linked genes since we did not sex larvae before dissection. We 1 

normalized the allele-specific read counts by the total read counts for each gene and 2 

calculated the mean of the two genotypes for the STD vs. INV comparison. To enable direct 3 

comparison of allele-specific expression changes in HET with expression changes of genes 4 

in the STD vs. INV comparison, we used normalized read counts that were generated during 5 

the DESeq2 analysis and calculated log2 fold changes and p-values for alleles and for genes. 6 

p-values were also calculated to test for a significant difference between the two log2 fold 7 

change values for each gene. To categorize genes into “no cis-trans”, “cis only”, “trans only”, 8 

and “cis-trans”, we followed the pipeline by Shi et al. (2012): We first tested if the two log2 9 

fold change values for a gene were significantly different from one another (p ≤ 0.05). If they 10 

were different and the alleles showed no differential expression (p > 0.05), a gene was 11 

classified as “no cis-trans”. If they were different and there was also a difference in allelic 12 

expression (p ≤ 0.05), a gene was classified as “cis only”. If the two log2 fold change values 13 

for a gene were similar (p > 0.05) and the alleles were similar in their expression (p > 0.05), a 14 

gene was classified as “trans only”. Finally, if the change in gene expression and allelic 15 

expression was similar and the alleles were differentially expressed (p ≤ 0.05) a gene was 16 

classified as “cis-trans”. Plots were generated with ggplot2 v 3.5.1 (Wickham 2015). 17 

 18 

Data availability 19 

The ATAC and RNA-seq data are available from the European Nucleotide Archive (ENA) 20 

under accession PRJEB83419 and PRJEB83014, respectively. 21 
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Figure legends 1 

Figure 1. The impact of 3RP on differential gene expression in embryos. (A, C, E) Volcano 2 

plots depicting the negative log10 of padj plotted against the log2 of the fold change (after 3 

shrinkage with the apeglm method during DeSeq2 analysis) for each gene in each of the 4 

three pairwise comparisons between the three karyotypes (STD/STD vs. INV/INV; HET 5 

[=heterokaryotype] vs. STD/STD; and HET vs. INV/INV). Dotted lines indicate cut-offs of padj 6 

≤ 0.001 and two-fold/half expression level. Blue dots indicate expression change above the 7 

fold-change threshold, magenta dots significant expression change, and orange dots 8 

expression change above both thresholds. Labeled dots indicate genes located within 3RP 9 

with an expression change above both thresholds. Note that few genes in STD/STD vs. 10 

INV/INV (panel A) show an expression change above both thresholds; those that do largely 11 

reside within 3RP. Also, note that only eight genes show differential expression above either 12 

or both thresholds in the HET vs. INV/INV comparison. (B, D, F) Plotting of the same data 13 

(as in panels A, C, E), depicting additionally the chromosomal location of each gene. The -14 

log10 padj-value is encoded in the size and hue of each data point as indicated in (B). The 15 

STD/STD vs. INV/INV comparison (B) shows a clear enrichment of DEG on 3R and within 16 

3RP. DEG in the HET vs. STD/STD comparison (D) mostly exhibit lower expression in HET, 17 

which is also visible in the corresponding volcano plot (B) as a “trail” on the left-hand side. 18 

(G, H) Bar plots indicating the fraction of DEG (padj ≤ 0.001) in each genomic region. 19 

Asterisks indicate significant differences based on 𝜒2 tests (* denotes p ≤ 0.1; and ** p ≤ 20 

0.01) against the mean of X, 2L, 2R, 3L, and other genomic regions (comprising 21 

chromosomes 4, Y, and unmapped regions), or between regions on 3R. Note that 3R and 22 

3RP (and, in particular, the inversion breakpoints) contribute disproportionately to differential 23 

expression in STD/STD vs. INV/INV (G), whereas in the HET vs. STD/STD comparison (H), 24 

genes in the inversion body show the highest value but are only significantly different from 25 

3R excluding the breakpoints. Notably, the numbers of DEG in the HET vs. INV/INV 26 

comparison are too low to be plotted in this way. (I) Venn diagram showing the number of 27 

overlapping DEG (padj < 0.001) between the different karyotypes. About two thirds of DEG in 28 

STD/STD vs. INV/INV make up about half of DEG in the HET vs. STD comparison. 29 

 30 

 31 

 32 

Figure 2. Differential gene expression in wing discs (for explanations see Fig. 1). (A, C, E) 33 

Volcano plots and (B, D, F) plots of the chromosomal location of each gene show a clear 34 

enrichment of DEG on 3R and within 3RP. Moreover, comparing STD vs. INV/INV and HET 35 

vs. INV/INV reveals almost identical expression profiles (A, E). (G, H) Bar plots indicating the 36 
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fraction of differentially expressed genes (padj ≤ 0.001) in each genomic region. Asterisks 1 

indicate significant differences after 𝜒2 tests (*: p ≤ 0.1; **: p ≤ 0.01; ***: p ≤ 0.001; ****: p ≤ 2 

0.0001) against the mean of X, 2L, 2R, 3L, and other genomic regions, or between regions 3 

on 3R. 3RP contributes disproportionately to differential gene expression. Note that the 4 

numbers of DEG in the HET vs. STD/STD comparison are too low to be plotted in this way. 5 

(I) Venn diagram showing the number of overlapping DEG (padj < 0.001) between the 6 

different karyotypes. About 20% of DEG in STD/STD vs. INV/INV make up about half of DEG 7 

in the HET vs. INV/INV comparison. 8 

 9 

Figure 3. Density plots of accessible chromatin regions in wing discs after peak calling with 10 

MACS2. The top half of each plot shows relative density of peaks, the bottom half shows 11 

absolute numbers. Note that chromatin is consistently less accessible in pericentromeric 12 

regions. (A) Peaks shared between all karyotypes show an even distribution throughout the 13 

genome. (B, C) Peaks that were uniquely called in INV/INV and STD/STD show the highest 14 

density on 3R. (D) Peaks uniquely called in HET are enriched on the X chromosome. (E) No 15 

local enrichment is observed for peaks shared between HET and INV/INV, but (F) peaks 16 

shared between HET and STD/STD show the highest density on 3R. 17 

 18 

Figure 4. Quantification of the mode of inheritance (dominance coefficient h) for genes 19 

differentially expressed (padj < 0.01) between 3RP karyotypes. (A) Bar plots showing the 20 
distribution of h-values for DEG in embryos and wing discs. Most DEG in embryos have a 21 
dominance coefficient of around 1 (indicating dominance of INV), while in wing discs there is 22 
an enrichment of DEG with a dominance coefficient around 0 (indicating recessivity of INV 23 
and hence dominance of STD). (B) A heatmap of z-scores of the different modes of 24 

inheritance depicting over- (dark blue) and underrepresentation (light blue) in the two 25 
datasets. Dominance of INV was strongly overrepresented in embryos, while additivity and 26 
full recessivity of INV were overrepresented in wing discs. Specifically, in embryos, INV was 27 
fully dominant for 42.55% and recessive only for 15.18% of DEG. In wing discs, by contrast, 28 
INV was fully recessive for 23.76% and dominant only for 14.92% of DEG. Partial dominance 29 

and, especially, recessivity showed a similar trend (11.11% in embryos vs. 7.18% in discs; 30 
2.44% in embryos vs. 11.05% in discs, respectively). 23.76% of DEG in wing discs showed 31 
full additivity, whereas in embryos this figure was only 9.49%. An equally high proportion of 32 
DEG exhibited underdominance in both datasets (18.97% in embryos, 18.23% in wing discs), 33 
while overdominance was equally underrepresented (0.27% in embryos, 1.1% in wing discs).  34 

 35 

Figure 5. Quantification of cis vs. trans influences on gene expression differences. Panels 36 

(A) - (D) show the relative expression between the parental STD/STD vs. INV/INV 37 

homokaryotypes along the x-axis plotted against the relative allelic expression of the STD vs. 38 

the INV allele in the STD/INV heterokaryotype along the y-axis for (A) embryos, considering 39 

all genes; (B) embryos, considering the inverted 3RP region only; (C) wing discs, considering 40 
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all genes; and (D) wing discs, considering the inverted 3RP region only. Only genes for 1 

which allelic expression information is available are shown. For each comparison, the 2 

Pearson’s correlation coefficient R and the corresponding p-value is given for all genes as 3 

well as only for genes that show a significant difference in expression as well as allelic 4 

expression (p < 0.05). Green coloring indicates genes that are classified as only regulated by 5 

cis effects, orange indicates genes classified as only regulated by trans effects, and blue are 6 

genes in which cis and trans effects are co-acting. See main text for further details. 7 

 8 

  9 
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