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Interspecific Differences in Head Shape and Eye Size in
Drosophila
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Abstract

Revealing the mechanisms underlying the breathtaking morphological diversity observed in nature is a major
challenge in Biology. It has been established that recurrent mutations in hotspot genes cause the repeated
evolution of morphological traits, such as body pigmentation or the gain and loss of structures. To date, however,
it remains elusive whether hotspot genes contribute to natural variation in the size and shape of organs. As
natural variation in head morphology is pervasive in Drosophila, we studied the molecular and developmental
basis of differences in compound eye size and head shape in two closely related Drosophila species. We show
differences in the progression of retinal differentiation between species and we applied comparative transcrip-
tomics and chromatin accessibility data to identify the GATA transcription factor Pannier (Pnr) as central factor
associated with these differences. Although the genetic manipulation of Pnr affected multiple aspects of dorsal
head development, the effect of natural variation is restricted to a subset of the phenotypic space. We present
data suggesting that this developmental constraint is caused by the coevolution of expression of pnr and its
cofactor u-shaped (ush). We propose that natural variation in expression or function of highly connected devel-
opmental regulators with pleiotropic functions is a major driver for morphological evolution and we discuss
implications on gene regulatory network evolution. In comparison to previous findings, our data strongly suggest
that evolutionary hotspots are not the only contributors to the repeated evolution of eye size and head shape in
Drosophila.

Key words: evolutionary hotspots, repeated evolution, gene regulatory networks, evolution of development,
Drosophila, eye-antennal disc.

Introduction genetic basis of gain or loss of structures like trichomes in
Drosophila (McGregor et al. 2007), armor plates in three spine
stickleback fish (Shapiro et al. 2004), or the repeated loss of
eyes in cave fish (Menuet et al. 2007; Stemmer et al. 2015) has
been successfully revealed. Intriguingly, the analysis of similar
morphological differences in various lineages showed that the
same genes were repeatedly affected. For instance, differences
in abdominal pigmentation and the occurrence of wing spots
across the phylogeny of Drosophilidae have been mapped to
the bric-a-brac (bab) (Gompel and Carroll 2003) and yellow
(y) (Prud’homme et al. 2006) loci, respectively. Also the evo-
lution of larval trichome patterns in various Drosophila spe-
cies is caused by variation in the regulation of the shavenbaby
(svb) gene (Sucena et al. 2003) and recurrent natural variation
in the Pitx1 locus has been causally linked to pelvic spine

The morphological diversity present in nature is a key pre-
requisite for organisms to adapt to an ever-changing environ-
ment. As the genome of an organism contains instructive
information about its morphology, one of the major goals
in biological research is to establish genotype—phenotype
correlations for a given morphological trait (Lewontin 1974;
Alberch 1991). The genetic architecture of some traits has
been successfully determined at high resolution. For instance,
natural variation in body pigmentation in the vinegar fly
Drosophila melanogaster and the beach mouse Peromyscus
polionotus has been mapped to individual nucleotides affect-
ing gene expression (Jeong et al. 2006; Rebeiz et al. 2009) or
protein function (Hoekstra et al. 2006), respectively. Also, the
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reduction in different stickleback lineages (Shapiro et al. 2006;
Chan et al. 2010). Although recurrent natural variation in
such hotspot genes seems to be common for the evolution
of those traits, it remains elusive, whether evolutionary hot-
spots play a major role in the evolution of the size and shape
of organs.

The identification of the molecular changes underlying
variation in the size and shape of morphological traits is dif-
ficult because many genomic loci with small effect sizes that
are spread throughout the genome contribute to trait differ-
ences (Mackay 2001; Mackay et al. 2009; Boyle et al. 2017). For
instance, natural variation in mandible and craniofacial shape
in mouse is influenced by various loci located on most of the
chromosomes (Burgio et al. 2009; Pallares et al. 2014, 2015;
Maga et al. 2015), and studies in Drosophila revealed loci on
several chromosomes associated with differences in eye size
and head shape (Arif et al. 2013; Norry and Gomez 2017;
Gaspar et al. 2020; Reis et al. 2020). The omnigenic model
suggests that most genomic loci can influence the phenotypic
outcome even though they are not functionally linked to the
trait (“peripheral genes”) because they are connected to loci
with a direct effect (“core genes”) in highly wired gene regu-
latory networks (GRNs) (Boyle et al. 2017). As many other
biological networks (Jeong et al. 2000; Uetz et al. 2000; Ito et al.
20071; Featherstone and Broadie 2002), GRNs are thought to
be scale-free, meaning that most nodes within the network
have only very few connections and these low-degree nodes
are connected by a few highly connected nodes, so-called
hubs (Barabasi and Albert 1999; Barabasi and Oltvai 2004).
Genes that act as hubs relay complex incoming information
to a high number of target genes and they often code for
evolutionary conserved proteins with crucial functions within
the network (Fraser et al. 2002; Krylov et al. 2003). Therefore,
it is conceivable that core genes proposed by the omnigenic
model have features of hub genes within GRNs. It has been
suggested that the recurrent evolution in hotspot genes is
facilitated by their hub position within GRNs (Sucena et al.
2003; Stern and Orgogozo 2008, 2009), as well as the obser-
vation that only few such hubs are necessary to orchestrate
the formation of rather simple traits, such as trichomes which
develop from a single cell (Stern 2000). In contrast, the de-
velopment of complex organs relies on the interplay of many
hub genes (Peter and Davidson 2011; Potier et al. 2014),
suggesting that evolutionary hotspots are less likely to be
relevant for more complex trait evolution.

An excellent model to test, whether natural variation in
organ size and shape is caused by recurrent changes in hot-
spot genes, is the Drosophila head that harbors major sensory
organs, such as the compound eyes (Snodgrass 1935). Natural
intra- and interspecific variation in eye size is pervasive in
various Drosophila lineages, and increased eye size is often
associated with a reduction of the interstitial cuticle between
the eyes (Norry et al. 1997, 2000; Posnien et al. 2012; Keesey
et al. 2019; Gaspar et al. 2020). Although the genetic archi-
tecture of this developmental trade-off is starting to be
revealed in various species (Hammerle and Ferrus 2003; Arif
et al. 2013; Norry and Gomez 2017; Gaspar et al. 2020), the
most comprehensive genetic and developmental analysis

established that intra- and interspecific differences in the de-
velopmental trade-off are caused by variation in the early
subdivision of the eye—antennal imaginal disc (Ramaekers
et al. 2019), the larval tissue from which most of the adult
head develops (Haynie and Bryant 1986). Genetic analyses
between different D. melanogaster strains revealed a single
nucleotide polymorphism in the regulatory region of the eye-
less/pax6 (ey) gene affecting its temporal expression and thus
eye—antennal disc subdivision (Ramaekers et al. 2019). Ey
regulates various target genes and signaling pathways
(Ostrin et al. 2006; Yeung et al. 2018) to initiate retinal devel-
opment, suggesting that it acts as a hub gene during eye
development. Additionally, the recurrent variation in ey ex-
pression suggests that ey might also be a hotspot gene regu-
lating the developmental trade-off between eye and head
cuticle development (Ramaekers et al. 2019). We sought to
test whether variation in the early subdivision of the eye—
antennal disc is a common mechanism underlying the devel-
opment of a head trade-off in Drosophila. As model we stud-
ied head development in the two closely related Drosophila
species, D. melanogaster and D. mauritiana, which vary in
adult eye size and head shape (Posnien et al. 2012; Hilbrant
et al. 2014; Gaspar et al. 2020). Specifically, D. mauritiana
develops larger compound eyes with more ommatidia and
the bigger eyes of D. mauritiana are accompanied by a nar-
rower interstitial head cuticle (Posnien et al. 2012).

We could show that differences in retinal differentiation
occur only late during eye—antennal disc development, sug-
gesting that the early subdivision of the disc may not be
affected. To reveal candidate genes responsible for eye size
differences, we developed a new method to identify evolu-
tionary relevant hub genes with crucial positions within the
developmental GRN. Applying comparative transcriptomics
and functional genomics, we revealed the GATA transcrip-
tion factor (TF) Pannier (Pnr) and its transcriptional cofactor
U-shaped (Ush) as candidate hub genes. We functionally
confirmed that the overexpression of pnr in
D. melanogaster indeed phenocopies aspects of the
D. mauritiana head shape as well as eye size. In summary,
we argue that similar complex morphological differences can
be caused by different developmental processes in different
lineages. Therefore, our data suggest that evolutionary hot-
spots may play a less prominent role during the evolution of
organ size and shape.

Results

Progression of Retinal Differentiation Varies during
Third Larval Instars between D. melanogaster and

D. mauritiana

Drosophila eye size and head shape vary extensively between
D. melanogaster and D. mauritiana with the latter having
bigger eyes due to more ommatidia at the expense of inter-
stitial head cuticle (Posnien et al. 2012; Arif et al. 2013;
Hilbrant et al. 2014). As eye size differences are most pro-
nounced in the dorsal part (Posnien et al. 2012), we first
quantified differences in the dorsal head morphology to
test whether dorsal head shape varies as well. We placed 57
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Fic. 1. Quantitative differences in dorsal head shape are defined late during eye—antennal disc development. (A) Dorsal view of a Drosophila
melanogaster head. The head cuticle consists of three morphologically distinguishable regions, namely the orbital cuticle (yellow) next to the
compound eye, the dorsal frons (green), and the ocellary cuticle (blue). The 57 landmarks that were used to analyze head shape are shown as fixed
(white) and sliding landmarks (black). (B) Discriminant function analysis distinguishes mean dorsal head shapes of D. melanogaster (blue) and
D. mauritiana (red). Difference between means: Procrustes distance: 0.094, P value = 0.0001. (C) The development was characterized, and
transcriptomic data sets were generated for developing eye—antennal discs for both species at three developmental stages: 72 h AEL (early L3),
96 h AEL (mid L3), and 120 h AEL (late L3). (D) Distance from the optic stalk to the morphogenetic furrow was measured along the equator region.
Significant differences were observed at 120 h AEL (F59s = 15.61, P=3.2e—11). (E) Distance from the morphogenetic furrow to the antennal
anlagen was measured. From 96 h AEL on, we observed significant differences (Fs 9o = 10.23, P = 7e—8). (F) Number of ommatidial precursor rows
was counted along the equator region of the eye—antennal disc. Significant differences were observed at 120 h AEL (Fs 95 =210.8, P < 2e—16). (G)
Area of the antennal region of the eye—antennal disc. Significant differences were observed at 96 and 120 h AEL (F5 95 = 7.86, P = 3.08e—6). One-
way ANOVA followed by Tukey multiple comparisons: ***<0.001, *<0.05.

landmarks on pictures of dorsal heads and applied a geomet-
ric morphometrics analysis (fig. 1A). A discriminate function
analysis clearly distinguished the head shapes of
D. melanogaster and D. mauritiana (fig. 1B) (P=0.0001). In
accordance with previous data (Posnien et al. 2012), we found
main differences in dorsal eye size with the eye area protrud-
ing more toward the back of the head in D. mauritiana
(fig. 1B). The expansion of the eye area in D. mauritiana
was accompanied by a narrower dorsal head region, which
affected both the orbital cuticle and the dorsal frons region.
The ocellar complex was slightly shifted ventrally in
D. mauritiana (fig. 1B). Therefore, D. melanogaster and
D. mauritiana do not only differ in the size of dorsal eye,
but they also exhibit variation in the relative contribution
of different head regions to the dorsal head.

In Drosophila, most adult head structures develop from
larval eye—antennal imaginal discs (Haynie and Bryant 1986;
supplementary fig. S1A, Supplementary Material online). A
crucial process during Drosophila eye development is retinal
differentiation during the third larval instar stages. Retinal
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differentiation in the disc is characterized by the progression
of a morphologically visible indentation, the morphogenetic
furrow (supplementary fig. S1, Supplementary Material on-
line). Cells in front of the furrow are mitotically active,
whereas cells in the wake of the furrow eventually stop di-
viding and differentiate to give rise to evenly space ommatidia
precursors (Treisman 2013). We therefore compared the pro-
gression of differentiation during eye—antennal disc develop-
ment between species throughout third larval instar stages
(fig. 1C). The progression of differentiation was estimated by
measuring the width of the retinal region posterior (fig. 1D;
supplementary fig. S1B-D, Supplementary Material online)
and anterior (fig. 1E supplementary fig. S1B-D,
Supplementary Material online) to the morphogenetic fur-
row, as well as by counting the number of ommatidia rows
(fig. 1F, supplementary fig. S1B-D, Supplementary Material
online). In the light of the trade-off between eye size and
interstitial head cuticle size (Posnien et al. 2012), we also
measured the area of the antennal region to compare our
retinal measurements to the antennal region (fig. 1G;
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supplementary fig. S1B-D, Supplementary Material online).
None of these measurements was different between species
at the earliest third instar stage (72 h after egg laying
[AEL]), suggesting that eye—antennal discs are compara-
ble in size and state of differentiation at 72 h AEL. In con-
trast, all measured traits were significantly different at the
latest third instar stage (120 h AEL; fig. 1D-G) and the
antennal region and the width of the retinal region ante-
rior to the morphogenetic furrow were significantly dif-
ferent at an intermediate stage (96 h AEL; fig. 1D and F).
The length of the retinal region including cells anterior
and posterior of the morphogenetic furrow (i.e,, the sum
of the distances shown in fig. 1E and F) was the same at all
stages (one-way ANOVA with multiple comparisons of
means; Fsos=1.87, P=0.107), suggesting that overall
growth of the retinal region was not different between
species. Those differences suggest that retinal differenti-
ation progresses faster in D. mauritiana compared with
D. melanogaster, implying that this process diverges spe-
cies, specifically throughout third larval instar
development.

Developmental Differences between D. melanogaster
and D. mauritiana Are Associated with Variation in
the Developmental Transcriptomic Landscape

Next, we tested whether differences in adult head morphol-
ogy and retinal differentiation during eye—antennal disc de-
velopment were associated with variation in the
developmental transcriptomic landscape. As we observed
differences in eye—antennal disc development starting at
96 h AEL, we obtained comparative transcriptomes covering
72h AEL to capture any differences that may induce the
observed developmental differences, as well as 96 and 120 h
AEL (fig. 1C and supplementary fig. S2, supplementary
Materials and Methods, Supplementary Material online, for
details) (Torres-Oliva et al. 2018). In line with the overall
functional conservation of head morphology between spe-
cies, we first confirmed that genes with stable interspecific
expression represent central processes involved in eye—anten-
nal disc development (supplementary fig. S3, Supplementary
Material online). A principal component analysis (PCA) of
those genes that were differentially expressed between species
revealed that 72% of variation in the data set was due to
differences between 72 h and the other two stages (supple-
mentary fig. S4, Supplementary Material online). This obser-
vation was confirmed by a stage-specific pairwise differential
expression analysis where we found the highest number of
differentially expressed genes (DEGs) between species at 72 h
AEL (6,683 genes), whereas 3,260 and 2,380 genes were dif-
ferentially expressed at 96 and 120 h AEL, respectively. The
excess of DEGs at 72 h AEL may hint toward extensive vari-
ation in gene regulation that predetermines the interspecific
differences in differentiation progression observed from 96 h
AEL onward (fig. 1D-G). Differential expression was not bi-
ased toward one species as we observed an equal number of
DEGs with higher expression in D. melanogaster and

D. mauritiana, respectively (supplementary table S1,
Supplementary Material online).

Variation in the Transcriptomics Landscape Is
Associated with Variation in Expression of Hub Genes
The interspecific differences in gene expression dynamics
must be the result of variation in the underlying regulatory
interactions. To identify putative TFs that regulate the expres-
sion of DEGs, we assume that DEGs with similar expression
profiles are regulated by similar TFs; that is, we treated coex-
pression clusters (clusters in fig. 2) as “gene modules” (Bar-
Joseph et al. 2003; Segal et al. 2003; Arda and Walhout 2010).
We established stage-specific chromatin accessibility data
(ATACseq) to identify enriched TF-binding motifs for each
cluster (see Extended Materials and Methods and supple-
mentary fig. S2, Supplementary Material online, for details).
Each cluster showed enrichment of motifs for a unique com-
bination of TFs (figz. 2 and supplementary table S2,
Supplementary Material online), suggesting that variation in
different gene modules is influenced by different regulatory
interactions. Overall, we identified 136 unique transcriptional
regulators (normalized enrichment score, NES > 4.0) that
were expressed in at least one developmental stage. At 72 h
AEL, 55.9% of the expressed transcriptional regulators were
differentially expressed at false discovery rate (FDR) 0.05
(compared with 44.1% of a random set of transcriptional
regulators; X* (1, N=279) = 3.9, P = 0.0483; fig. 2 and sup-
plementary table S2, Supplementary Material online), sug-
gesting that the high number of DEGs at this stage may
partially be the result of differential expression of the tran-
scriptional regulators identified in each cluster.

As hub genes occupy central positions in developmental
GRNs affecting many target genes (Barabasi and Albert 1999;
Barabasi and Oltvai 2004) and the clusters of DEGs contained
many genes (fig. 2), we asked whether highly connected hub
genes are among the identified transcriptional regulators. We
defined hubs by being the top 10% genes with highest num-
ber of target genes in the DrolD reference network (see
Extended Materials and Methods for details; supplementary
fig. S5, Supplementary Material online) (Seo et al. 2009; Murali
et al. 2017; Liu et al. 2019). Forty of the 136 transcriptional
regulators were present in the DrolD reference network and
28 of them were hubs (70%, fig. 2 and supplementary table S2,
Supplementary Material online). Seventeen of the hub genes
(60.7%) were differentially expressed in at least one stage
(fig. 2 and supplementary table S2, Supplementary Material
online). Therefore, we identified differentially expressed hub
genes among the transcriptional regulators that drive expres-
sion divergence between species. However, it is unlikely that
the observed expression differences are specifically driven by
hub genes because the number of hub genes and the number
DEGs among those hubs was not significantly different from a
randomly sampled set of hub genes expressed during eye—
antennal disc development (supplementary table S2,
Supplementary Material online).

Many hub genes play central roles during development
(Fraser et al. 2002; Krylov et al. 2003), which we confirmed
by an extensive enrichment of Gene Ontology (GO) terms
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related to developmental processes for the hub genes in the
DrolD network (supplementary table S2, Supplementary
Material online). Accordingly, some of the identified hub
genes have previously been described to be involved in
eye—antennal disc development. For instance, Slp1 (fig. 2;
clusters 4 and 13) controls dorsal-ventral axis formation dur-
ing retinal development (Sato and Tomlinson 2007) and
Stat92E (fig. 2; cluster 10), a member of the JAK/STAT path-
way, regulates eye growth and ommatidial polarity by regu-
lating many target genes, and signaling pathways (Zeidler
et al. 1999; Ekas et al. 2006; Flaherty et al. 2009). Similarly,
Mad (fig. 2; clusters 3, 4, and 15), the TF that mediates
Decapentaplegic (Dpp)—signaling (Sekelsky et al. 1995), is
involved in various processes in the eye—antennal disc
(Wiersdorff et al. 1996; Cordero et al. 2007; Wells et al.
2017). Additionally, in 5 of 15 clusters (NES > 4) (fig. 2; e.g,
clusters 7-9, 13, and 14) (in 9 of 15 clusters, NES > 3), we
found a strong enrichment of motifs predicted to be bound
by the GATA TF Pnr, which is involved in establishing the
early dorsal-ventral axis of the eye (Maurel-Zaffran and
Treisman 2000; Singh and Choi 2003; Pereira et al. 2006). In
summary, we identified many transcriptional regulators,
some of which are highly connected hubs, which regulate
DEGs between D. melanogaster and D. maurtiana.

Pnr Is a Phenotypically Relevant Hub Gene in the GRN
Underlying Dorsal Head Development
The observation that many of the identified hub genes were
differentially expressed between species suggests that these
changes may be causal in defining the observed differences in
eye size and head shape. However, developmental processes
(Waddington 1942; Kitano 2004) tend to be robust against
perturbations because variation in the expression of develop-
mental genes often does not result in phenotypic differences
due to extensive buffering within GRNs (Gavin-Smyth et al.
2013; Fear et al. 2016; Cannavo et al. 2017). Therefore, it
remains questionable, whether the differential expression of
the hub genes and thus the variation in expression of their
target genes are indeed relevant for the differences in head
morphology between D. melanogaster and D. mauritiana. To
test this, we further investigated the role of Pnr, which is an
interesting hub gene for the following reasons: 1) Our global
clustering and motif enrichment analyses suggest that Pnr
regulates many DEGs between both species and it is among
the top 10% of highly connected transcriptional regulators
(fig. 2); 2) pnr itself is differentially expressed between
D. melanogaster and D. mauritiana, with higher expression
in the latter species (fig. 3A); and 3) Pnr is known to be
expressed in the dorsal eye—antennal disc (Maurel-Zaffran
and Treisman 2000) and it is involved in defining the dor-
sal-ventral axis of the eye (Maurel-Zaffran and Treisman
2000; Singh and Choi 2003; Singh et al. 2005). Later during
eye—antennal disc development, Pnr influences the ratio of
retinal and head cuticle fate in the dorsal disc by repressing
retinal determination genes (Garcia-Garcia et al. 1999;
Maurel-Zaffran and Treisman 2000; Oros et al. 2010).

To validate the hub gene status of pnr, we first refined the
list of its potential target genes. We searched for the Pnr-

specific GATA motif in genomic regions that were accessible
during eye—antennal imaginal disc development (see supple-
mentary Materials and Methods and supplementary fig. S2,
Supplementary Material online, for details). In 14,511 open
chromatin regions (across all timepoints), we found 1,335
Pnr-specific GATA motifs associated with 1,060 genes
expressed in our RNAseq data set (supplementary table S3,
Supplementary Material online), suggesting that those genes
were active during eye and head development. In the regu-
latory regions of these 1,060 Pnr target genes, we found a
strong enrichment of Pnr-binding sites (supplementary fig.
S6A, Supplementary Material online), and many of the genes
were also predicted to be regulated by Pnr in our cluster
analysis (see fig. 2 and supplementary fig. S6B,
Supplementary Material online). In line with the known func-
tions of Pnr during eye—antennal disc development, the Pnr
target genes were highly enriched in processes like compound
eye development and growth as well as cell cycle progression
(supplementary fig. S6C, Supplementary Material online).
Additionally, a crossvalidation of our Pnr target genes with
the DrolD interaction database (Yu et al. 2008; Murali et al.
2011) showed that our list contained 3 known direct target
genes (i.e, Pnr-regulatory sequence interaction; dl, Pc, and
Sfmbt) and 23 genes with known genetic interactions
(fig. 3B), suggesting that these genes are also direct targets
of Pnr. Seventeen out of these 26 genes (65.38%) (fig. 3B) and
714 of the full set of 1,060 target genes (67.4%) showed ex-
pression differences between D. melanogaster and
D. mauritiana. Note that the number of DEGs among Pnr
target genes was not significantly different from those of
other TFs involved in retinal development or from transcrip-
tional regulators with similar connectivity (Extended
Materials and Methods and supplementary table S3,
Supplementary Material online), suggesting that also other
highly connected transcriptional regulators contribute to the
differences in the transcriptomic landscape. Taken together,
we confirmed that Pnr regulates many DEGs during eye—an-
tennal disc development.

To test if variation in pnr expression can explain naturally
occurring differences in eye size and dorsal head shape (fig. 1),
we overexpressed and knocked down pnr in D. melanogaster
in the dorsal eye—antennal disc in a domain that is reminis-
cent of endogenous pnr expression (supplementary fig. S7TA-
E, Supplementary Material online). Successful manipulation
of the expression was confirmed by reduced and enhanced
protein expression in knockdown and overexpression discs,
respectively (supplementary fig. S7F-H, Supplementary
Material online). Subsequently, we quantitatively compared
the adult head morphology applying geometric morphomet-
rics and ommatidia counting (see Extended Materials and
Methods, Supplementary Material online, for details). A
PCA of head shape variation showed that principal compo-
nent 2 (PC2) explained 19.2% of the observed variation in
head shape and PC3 explained 6.7% (fig. 3G; note that PC1
captured a technical artifact, see supplementary fig. S8,
Supplementary Material online). Variation along PC2 mainly
captured differences in the proportion of eye versus intersti-
tial cuticle in the dorsal head as well as the location of the
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Fic. 3. Pnris a phenotypically relevant hub gene during eye—antennal disc development. (A) Expression dynamics of the pnr transcript at the three
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ocellar region. Intriguingly, the overexpression of pnr in the
dorsal head region resulted in a shift from a
“D.  melanogaster’-like  shape  toward a  more
“D. mauritiana”-like shape along PC2, with an enlargement
of the eyes at the expense of a slight reduction of the inter-
stitial cuticle (fig. 3C). Ommatidia counting in entire eyes
confirmed that the increase in eye area upon pnr overexpres-
sion was indeed due to an increase in number of ommatidia
(fig. 3D). Reduction of pnr expression resulted in a more ex-
treme D. melanogaster-like head shape (fig. 3C), whereas no
effect on ommatidia number was observed (fig. 3D).

PC3 mostly explained differences in the dorsal-posterior
head cuticle and the location of the ocellar region (fig. 3C). We
analyzed the dorsal—posterior head cuticle in more detail and
observed that the occipital region was more convex upon pnr
overexpression (fig. 3 for quantification, see supplementary
fig. SOA, B, E, Supplementary Material online), whereas down-
regulation consistently led to an enlargement of these regions
(fig. 3F; for quantification, see supplementary fig. SOA-D,
Supplementary Material online). Intriguingly, in accordance
with a higher expression of pnr in D. mauritiana, we found a
more convex occipital region in D. mauritiana (fig. 3G) com-
pared with a more concave shape in D. melanogaster (fig. 3H).
The quantification of this qualitative difference using seven
extra landmarks in the occipital head region confirmed the
interspecific shape differences (fig. 3/). Lineage tracing experi-
ments showed consistent expression of pnr during eye—an-
tennal disc development (supplementary fig. S10,
Supplementary Material online) and detection of pnr expres-
sion in pupae (fig. 3/) as well as the analysis of pnr-expressing
clones in adult heads (fig. 3K) confirmed that pnr was indeed
expressed in the future occipital region. In summary, we
showed that Pnr is a phenotypically relevant hub gene during
eye—antennal disc development because we were able to
phenocopy aspects of the D. mauritiana-like head shape
and eye size by upregulating pnr expression in the developing
eye—antennal disc of D. melanogaster.

U-Shaped Modulates Pnr Function during Eye—
Antennal Disc Development

The detailed analysis of the heads of pnr gain and loss of
function flies revealed a consistent gain and loss of vertical
bristles, respectively (fig. 4A-C). A similar role in sensory

bristle development has been shown in the wing imaginal
disc, where Pnr controls the positioning sensory bristles in
the thorax (Heitzler et al. 1996; Cubadda et al. 1997, Gomez-
Skarmeta et al. 2003). The role of Pnr in thoracic sensory
bristle development is antagonized by the presence of its
cofactor Ush (Cubadda et al. 1997; Haenlin et al. 1997).
Upon heterodimerization with Ush, Pnr that normally acts
as a transcriptional activator, acquires a repressive function
(Haenlin et al. 1997; Fossett et al. 2001; Sorrentino et al. 2007).
During eye—antennal disc development, Pnr activates target
genes during dorsal-ventral axis formation (Maurel-Zaffran
and Treisman 2000; Singh and Choi 2003), whereas it
represses retinal genes later during development (Oros
et al. 2010), suggesting that it plays a dual (i.e, activating or
repressing) role in this process as well. In line with a dual role
of Pnr as transcriptional activator and repressor, we found
genes that were activated as well as repressed by Pnr among
its differentially expressed high confidence target genes during
eye—antennal disc development (supplementary fig. S11,
Supplementary Material online and fig. 3B). Additionally,
the knockdown and overexpression of ush during eye—anten-
nal disc development resulted in loss or misplacement of
vertical bristles (fig. 4D and E), suggesting that Pnr and Ush
may coordinate similar processes. Therefore, we asked
whether Ush may also modulate the function of Pnr during
eye—antennal disc development. To answer this question, we
tested whether 1) Pnr and Ush are colocalized in the same
cells in the eye—antennal disc and 2) both genes interact
genetically.

Although, it was previously stated that ush is not expressed
in the eye—antennal disc (Maurel-Zaffran and Treisman 2000;
Fossett et al. 2001), we observed expression in all three stud-
ied stages in our RNAseq data (fig. 4F). As shown for pnr
(fig. 3A), ush expression was mostly higher in D. mauritiana
(fig. 4F). We confirmed the transcriptomics data using newly
generated antibodies to show that both proteins were
expressed in largely overlapping domains (fig. 4G-) and sup-
plementary fig. S12, Supplementary Material online) in the
large nuclei of the dorsal peripodial epithelium (compare
fig. 4G to 4l) and in a subset of the cuboidal margin cells in
the disc proper (compare fig. 4H to 4J).

As both proteins were colocalized in the eye—antennal
disc, we tested for genetic interactions. We asked whether

Fic. 3. Continued

Overexpression of pnr (VT042374 > Pnr) shifts the dorsal head shape toward a D. mauritiana head shape, whereas reduction of pnr expression
(VT042374 > pnr™™" and VT042374 > pnr"*2) resulted in an opposite shift. (D) Number of ommatidia counted in one compound eye per
individual. The significance was calculated by ANOVA and each pairwise comparison was calculated using Tukey’s Honestly Significant Difference
technique test; **<0.01; *<0.05. The color code in (C) and (D) is the same, and control flies were either the Gal4 driver line (VT042374-Gal4) or the
UAS effector lines (UAS-Pnr, UAS-pnr™A", UAS-pnr®™*2) without crossing them. VT042374 > Pnr°"™ are CyO carrying offspring of the
VT042374 > Pnr cross that do not contain the UAS-Pnr transgene and thus no overexpression. (E) Representative dorsal view of an adult
head after overexpression of pnr and (F) after knockdown of pnr. See supplementary figure S9, Supplementary Material online, for quantification
and controls for E and F. (G) Representative dorsal view of an adult head D. mauritiana. (H) Representative dorsal view of an adult head of
D. melanogaster. The dotted lines in E-H mark the border of the occipital region. (1) Mean shapes of D. melanogaster (blue) and D. mauritiana (red)
heads after Discriminant Function Analysis including seven additional landmarks in the occipital region. The black arrowhead marks the lateral
bending of the occipital region in D. mauritiana (Procrustes distance: 0.094; P < 0.0001 based on permutation test with 1,000 runs; Np, mauritiana =
20; Np, melanogaster = 18). (J) pnr expression in developing pupal head structures. Cells marked with pnr > GFP accumulated in the future occipital
region (green) behind the developing ocelli (red), and the head region where the two discs fuse (white arrow). (K) pnr lineage in adult dorsal heads
shown by cells in which “yellow” expression is restored (black arrows).
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FiG. 4. Pnr and Ush interact during eye—antennal disc development. (A) Dorsal view of an adult control head of D rosophila melanogaster (CyO
carrying offspring of the VT042374 > Pnr cross that do not contain the UAS-Pnr transgene and thus no overexpression). Posterior (pVT) and
anterior vertical bristles (aVT) are labeled. The arrowhead marks the occipital region. (B) Overexpression of pnr did not lead to major irregularities
in the dorsal head cuticle, but to duplication of the pVT bristle next to the compound eye (white arrowhead) (9/9 females and 10/10 males showed
the phenotype). (C) Knockdown of pnr resulted in visible enlargement of the occipital region (black arrowhead) and to the loss of the pVT bristle
next to the compound eye (white circle) (10/10 males and females, respectively, showed the phenotype). (D) Overexpression of ush resulted in
irregularities in the dorsal head cuticle and to the loss of the pVT andaVT bristles (white circles) next to the compound eye (10/10 females showed
the phenotype, males were not tested). (E) Knock-down of ush resulted in slight irregularities of the dorsal head cuticle (11/11 females showed the
phenotype, males were not tested), to loss (white circle) (10/10 females showed the phenotype, males were not tested) or misplacement (white
arrowhead) of the aVT bristle (2/10 females showed the phenotype, males were not tested). (F) Expression dynamics of the ush transcript at the
three developmental stages in D. melanogaster (blue) and D. mauritiana (red) based on rlog transformed read counts. (G, H) Pnr protein location in
third instar eye—antennal discs in D. melanogaster. The Pnr protein is present in the dorsal peripodial epithelium (pe) of the developing disc (G),
including a few cells of the margin cells (mc) and the disc proper (dp) (H'). The white arrow in G marks the morphogenetic furrow, the solid white
line marks region of the cross-section shown in H and H’, and the x and y coordinates indicate the same location in G, H, and H'. (I, J) Ush protein
location in third instar eye—antennal discs in D. melanogaster. The Ush protein is, similar to Pnr (compare with G), expressed in the dorsal
peripodial epithelium (pe) of the developing disc (1), including a few cells of the margin cells (mc) and the disc proper (dp) (J'). The white arrow in |
marks the morphogenetic furrow, the solid white line marks region of the cross-section shown in J and /', and the x and y coordinates indicate the
same location in 1, J, and J'. G and | are maximum intensity projections of confocal sections throughout the eye-antennal disc. The scale bars
represent 50 pm.

manipulation of pnr expression affected ush expression and Supplementary Material online). We confirmed the successful
vice versa. To this end, we overexpressed and knocked down overexpression and knockdown of both genes by enhanced
both genes in the dorsal eye—antennal disc in a domain that is and loss of protein expression, respectively (supplementary
reminiscent of pnr expression (supplementary fig. S7TA-E, fig. S7F-K, Supplementary Material online). Due to the
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qualitative nature of our experimental setup, we could not
obtain conclusive results for some of the tested combinations.
However, we observed a reduced Ush signal upon knock-
down of pnr (supplementary fig. S7L, Supplementary
Material online), suggesting a positive interaction between
pnr and ush. Additionally, upregulation of ush resulted in
slightly reduced Pnr protein levels (supplementary fig. S7M,
Supplementary Material online), suggesting a negative impact
of Ush on pnr expression. Further support for this idea comes
from the induction of a double-antenna phenotype when ush
was overexpressed using a stronger pnr driver line (supple-
mentary fig. S7N, Supplementary Material online) (Fossett
et al. 2001), a phenotype that we also observed upon pnr
knockdown (supplementary fig. S70, Supplementary Material
online) (Maurel-Zaffran and Treisman 2000). In summary, we
could show that Pnr and its cofactor Ush are coexpressed,
interact genetically (supplementary fig. S7P, Supplementary
Material online) and are involved in dorsal sensory head bris-
tle development. We suggest that a dual role of Pnr during
eye—antennal disc development is most likely mediated by its
cofactor Ush.

Discussion

The different investment in compound eye and interstitial
cuticle (referred to as trade-off here) in Drosophila heads is an
excellent model to study the developmental and molecular
mechanisms underlying complex trait evolution (Posnien
et al. 2012; Arif et al. 2013; Norry and Gomez 2017; Keesey
et al. 2019; Ramaekers et al. 2019; Gaspar et al. 2020). We
established that this trade-off is present in the dorsal head of
D. melanogaster and D. mauritiana, with the latter having
larger compound eyes with significantly more ommatidia
(this work and Posnien et al. 2012). The comparison of larval
eye—antennal disc development in both species revealed dif-
ferences in the progression of differentiation starting at 96 h
AEL. To identify candidate genes driving these developmental
differences, we combined comparative transcriptomics with
chromatin accessibility data obtained prior to and after inter-
specific differences were observable (ie, 72, 96, and 120 h
AEL). We show that the GATA TF Pnr is a prime candidate
hub gene: It showed higher expression in D. mauritiana and
up to 67% of its more than 1,000 predicted direct target genes
were differentially expressed between species. In the follow-
ing, we propose a developmental model explaining how var-
iation in pnr expression can simultaneously affect ommatidia
number and interstitial cuticle size and we discuss our find-
ings with respect to evolutionary hotspots and GRN
evolution.

Developmental Mechanism Underlying Eye Size and
Head Shape Differences between D. melanogaster and
D. mauritiana

The spatially restricted overexpression of pnr in its endoge-
nous domain resulted in a significant increase in ommatidia
number, implying a direct effect on retinal development and
thus final eye size. Our lineage tracing experiment showed
that pnr positive cells contribute to the entire dorsal

peripodial epithelium and to cells of the dorsal posterior mar-
gin where the morphogenetic furrow, and thus retinal differ-
entiation, is initiated at late second/early third instar stages
(Casares and Almudi 2016). It has recently been shown that
Eyeless/Pax6 (Ey) activity in the peripodial epithelium and in
these posterior margin cells is necessary for morphogenetic
furrow initiation and placement of the dorsal-ventral bound-
ary (Baker et al. 2018). The latter is tightly linked to reported
functions of Pnr and tissue growth in the retinal region of the
eye—antennal disc (Maurel-Zaffran and Treisman 2000; Singh
and Choi 2003; Singh et al. 2005). We found ey among the
putative direct Pnr target genes, suggesting that Pnr may
activate ey expression in the peripodial epithelium and in
posterior margin cells. As ey was not differentially expressed
in our data set, it remains to be tested if Pnr may regulate the
final number of ommatidia clusters and thus final eye size
through Ey-mediated initiation of differentiation and regula-
tion of overall retinal growth prior to the stages studied here
(fig. 5A).

Besides a putative role in morphogenetic furrow initiation,
Pnr may also regulate the progress of differentiation. Faster
progression of differentiation in D. mauritiana is correlated
with larger adult eye size, whereas previous experiments ma-
nipulating the speed of the morphogenetic furrow suggest
that faster progression results in smaller adult eye sizes
(Brown et al. 1995; Singh and Choi 2003). However, many
genes that affect the progression of the morphogenetic fur-
row, such as extramacrochaetae (Brown et al. 1995;
Bhattacharya and Baker 2009) or daughterless (Brown et al.
1996), are also tightly linked to cell cycle control, making it
difficult to clearly disentangle these two functions in the disc
proper (Kumar 2011). Intriguingly, manipulation of morpho-
genetic furrow progression through abolished signaling from
the peripodial epithelium resulted in highly reduced adult
eyes (Gibson and Schubiger 2000, 2001; Atkins and Mardon
2009). It will thus be interesting to further study the role of
Pnr in the peripodial epithelium and to test whether variation
in pnr expression may directly affect differential progression
of the morphogenetic furrow as observed between
D. melanogaster and D. mauritiana. Additionally, it remains
to be tested why pnr overexpression affected adult omma-
tidia number, whereas its knockdown did not. This may be
due to a tight interplay of Pnr and its cofactor Ush as our
preliminary data suggest that both genes interact genetically
in the peripodial epithelium. This interaction may also explain
another interesting observation. Although we showed an in-
crease in eye size upon overexpression of pnr, previous work
reported dorsal retinal overgrowth and ectopic eye fields after
the induction of loss of function clones using an ey-Gal4
driver (Maurel-Zaffran and Treisman 2000; Oros et al.
2010). As the ey-Gal4 driver is active from early L1 stages
on in the disc proper (Baker et al. 2018), the retinal over-
growth very likely results from the induction of an ectopic
dorsal-ventral equator region (Oros et al. 2010). In contrast,
the spatially defined overexpression of pnr in its endogenous
peripodial epithelium domain that also expresses ush (this
work) allows studying variation in gene expression in the
natural trans-regulatory background. Interestingly, in line
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with our results, cuticle overgrowth has been observed for
some ey-Gal4 induced loss of function clones (Oros et al.
2010), suggesting that Pnr plays spatially and temporally re-
stricted roles during eye antennal disc development.

We found that pnr-expressing cells contribute to the dor-
sal interstitial head region in pupae, suggesting that the phe-
notypic effects in the occipital head region most likely
highlight late functions of Pnr. Indeed, Pnr represses members
of the retinal determination network throughout the third
instar stage to regulate the ratio of retinal cells versus head
cuticle cells (Oros et al. 2010). In addition to ey, we found
eyegone (eyg) as second member of the retinal determination
network among putative direct Pnr targets. Both genes must
be repressed to ensure proper dorsal interstitial cuticle devel-
opment (Wang et al. 2010; Magri et al. 2018), suggesting that
Pnr may act through transcriptional repression during late
dorsal head development. Such a repressive role could be
mediated upon heterodimerization with its cofactor Ush as
shown for the wing disc (Haenlin et al. 1997; Garcia-Garcia
et al. 1999; Fromental-Ramain et al. 2008; Fromental-Ramain
et al. 2010). Indeed, we observed that despite previous reports
(Maurel-Zaffran and Treisman 2000), the Ush protein is colo-
calized with Pnr in dorsal peripodial epithelium and in the
cuboidal cells of the disc margin. In accordance with their
coexpression, both genes interact genetically and they are
both necessary for proper dorsal head development and
the formation of the same head bristles (this work and see
Cubadda et al. [1997] for bristle phenotype). Therefore, we
propose that Ush may mediate a repressive late function of
Pnr in the dorsal peripodial epithelium to regulate retinal
versus dorsal head cuticle development during the third larval
instar stage (fig. 5A).

Taken together, our functional data suggest that variation
in pnr expression during third instar larval development can
simultaneously affect the compound eyes (representing an
early function) and the size of the dorsal interstitial head
cuticle (representing a late function) (fig. 5A). According to
the two proposed developmental roles of Pnr (fig. 5A), in-
creasing pnr expression levels in D. melanogaster mimics
higher pnr expression as observed in D. mauritiana and phe-
nocopied major aspects of the dorsal D. mauritiana head
shape and eye size. It is important to note that the Gal4 driver
line used for the functional assays is active throughout third
instar stages and we cannot exclude Gal4 activity prior to
these stages. Therefore, our experiments do not allow distin-
guishing between the two temporal functions and the exact
time points when Pnr affects each process remain to be
established. Future comparative studies on the temporal reg-
ulation of pnr expression and stage- and species-specific reg-
ulatory interactions of Pnr will allow revealing the exact
mechanisms responsible for the two distinct roles of Pnr dur-
ing eye—antennal disc development and the evolution of eye
size and head shape.

Consistent with the fact that variation in complex traits is
caused by multiple loci (Mackay et al. 2009; Boyle et al. 2017),
pnr overexpression was not sufficient to fully phenocopy
D. mauritiana head shape and eye size. We also identified
other transcriptional regulators that regulated many DEGs,

suggesting their involvement in remodeling the transcrip-
tomic landscape and thus regulating variation in adult head
morphology. Furthermore, it remains to be established
whether the pnr and/or ush loci contain genetic variants as-
sociated with eye size and head shape differences or if caus-
ative genetic changes affect the expression or function of
regulators of both genes. Although quantitative genetics
approaches are not applicable due to the infertility of F1
females in interspecific crosses between D. melanogaster
and D. mauritiana (Lachaise et al. 1986), reciprocal hemi-
zygosity tests (Stern 2014) for Pnr, Ush, and putative regula-
tors of these two factors represent a powerful tool to further
dissect the causative genetic variants in the future.

In summary, based on our developmental model, the in-
crease in eye size in D. mauritiana that goes along with a
reduction of dorsal interstitial cuticle and a convex bending
of the occipital head region can partially be explained by
natural variation in pnr expression. As Pnr is a highly con-
nected pleiotropic hub gene that regulates many differentially
expressed genes between D. melanogaster and D. mauritiana,
we argue that its differential expression is phenotypically rel-
evant and may underly natural variation in head morphology.

Functional Constraints Drive Coevolution of Pnr and
Ush Expression

In line with the pleiotropic role of Pnr during eye—antennal
disc development, classical gain and loss of function experi-
ments resulted in extensive phenotypic consequences rang-
ing from retinal overgrowth to the entire loss of the
compound eyes (Maurel-Zaffran and Treisman 2000; Oros
et al. 2010). These rather coarse experiments based on highly
artificial systems, such as ectopic expression of pnr induced by
an eyeless/Pax6-Gal4 driver line that is active from early stages
on in most of the eye—antennal disc (Baker et al. 2018), are
suitable to unravel the combined functions of a pleiotropic
gene. However, it is a major challenge to disentangle the dis-
tinct tissue- and stage-specific functions of pleiotropic factors
and find out which of these are phenotypically relevant in an
evolutionary context (Stern 2000; Wagner and Zhang 2011).
This is particularly relevant because developmental processes
(Waddington 1942; Kitano 2004) and the expression of the
genes regulating them (Batada and Hurst 2007; Landry et al.
2007; Lehner 2008) tend to be robust against genetic or en-
vironmental perturbations. Such an intrinsic robustness of
developmental systems may be the result of constraints im-
posed by the crucial function of the developing organ.
Therefore, functional constraints may lead to robustness
that limits the evolutionarily relevant phenotypic effects of
pleiotropic genes (fig. 5B).

We observed an excellent example for such a constraint.
Although individual gain and loss of function of pnr and ush
in D. melanogaster affected the formation of anterior and
posterior vertical sensory bristles in the dorsal head, we never
observed gain or loss of these bristles between species. Pnr
and Ush have been shown to be involved in thoracic sensory
bristle development by controlling the positioning of proneu-
ral cell clusters in the wing disc (Heitzler et al. 1996; Cubadda
et al. 1997, Gomez-Skarmeta et al. 2003). Thoracic sensory
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bristles develop in regions with high pnr and low ush expres-
sion (Cubadda et al. 1997; Haenlin et al. 1997) and their bal-
anced expression is facilitated by genetic interactions
between both genes (Fromental-Ramain et al. 2008). We ob-
served that pnr overexpression in the eye—antennal disc con-
sistently resulted in duplication of the anterior vertical
bristles, suggesting that extra bristles arise where pnr over-
expression cannot be compensated by Ush (see also Heitzler
et al. 1996). Similarly, overexpression of ush in most of the
dorsal peripodial epithelium resulted in loss of the anterior
and posterior vertical bristles, showing that extra Ush above a
certain threshold completely antagonizes Pnr function and
subsequent sensory bristle formation. Hence, the stoichiom-
etry between Pnr and its cofactor Ush is crucial for proper
sensory bristle development in the dorsal head as well.

How can natural variation in pnr and ush expression cause
differences in head morphology without affecting the sensory
bristle pattern? As most of the proneural cell clusters are
specified 18-6h prior to puparium formation (Huang et al.
1991), the ratio between Pnr and Ush must remain stable at
72 and 96 h AEL to ensure proper sensory bristle formation.
However, once bristles are specified, variation in the ratio of
both factors at later stages (e.g, 120 h AEL) can cause natural
variation in the shape of the dorsal occipital head region
without affecting bristle formation (fig. 5C). Accordingly,
both genes showed higher expression in D. mauritiana at
72 and 96 h AEL resulting in a similar ratio of both factors
(fig. 5C). In contrast, a different ratio was observed at 120 h
AEL, with pnr expression being higher in D. mauritiana,
whereas ush expression was more similar in both species at
this later stage (fig. 5C). We propose that the functional con-
straint on stereotypic sensory bristle development drove the
coevolution of pnr and ush expression during early third in-
star disc development in D. melanogaster and D. mauritiana
(fig. 5C). Indeed, according to their crucial function in envi-
ronmental perception (Kernan 2007), vertical bristles have
been shown to be robust against temperature fluctuations
during development (Matamoro-Vidal et al. 2018). Therefore,
the context-dependent presence and action of a transcrip-
tional cofactor provides a versatile mechanism to restrict the
phenotypic effects of variation in expression of a pleiotropic
developmental factor in an evolutionary context (fig. 5B).

Repeated Evolution of Hotspot Genes May Play a
Minor Role for Complex Trait Evolution

Natural intra- and interspecific variation in eye size and a
developmental trade-off between retinal tissue and head cu-
ticle is a common feature of Drosophila (Norry et al. 2000;
Posnien et al. 2012; Arif et al. 2013; Hilbrant et al. 2014; Norry
and Gomez 2017; Keesey et al. 2019; Ramaekers et al. 2019).
The most comprehensive genetic and developmental char-
acterization of this trait suggested that differences in the early
subdivision of the eye—antennal disc driven by variation in the
temporal regulation of eyeless/Pax6 expression is a common
mechanism driving the developmental trade-off (Ramaekers
et al. 2019). In line with the identification of evolutionary
hotspot genes underlying variation in pigmentation patterns
(Gompel and Carroll 2003; Prud’homme et al. 2006) and the
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gain and loss of structures (Sucena et al. 2003; Shapiro et al.
2006; Chan et al. 2010), this finding suggests that repeated
natural variation in hotspot genes may be a major driver for
the evolution of size and shape of complex organs as well
(Ramaekers et al. 2019). In contrast to these results, our com-
parison of eye—antennal disc development between
D. melanogaster and D. mauritiana suggest that differences
in the progression of differentiation during later third instar
stages contribute to the observed differences in eye size and
head shape. Accordingly, our developmental model involving
natural variation in pnr and ush expression (fig. 5A) provides
an alternative developmental mechanism that can explain
the simultaneous effects on ommatidia number variation
and differences in the interstitial head cuticle.

Recent advances in studying the developmental and ge-
netic basis of the different investment in eye and interstitial
cuticle tissue in Drosophila revealed that differences in devel-
opmental processes affecting both traits simultaneously seem
to be common in Drosophila (Norry and Gomez 2017; Gaspar
et al. 2020). However, eye and interstitial cuticle size can also be
genetically and developmentally uncoupled as shown by a
detailed characterization of the head trade-off in
D. mauritiana and D. simulans (Arif et al. 2013). Quantitative
genetics data for intraspecific variation in the head trade-off in
D. melanogaster and D. simulans show that its genetic basis is
highly diverse (Gaspar et al. 2020), supporting our observation
that repeated evolution through hotspot genes may not be
prevalent in the evolution of head morphology.

The insect compound eye is composed of hundreds of
functional subunits, the ommatidia, and they themselves
are built by 14 unique cells (Cagan and Ready 1989).
Therefore, the size of an insect compound eye can vary due
to the number of ommatidia or due to their size. Indeed, a
detailed morphological analysis showed that differences in
the number of ommatidia explains intra- and interspecific
variation in various Drosophila species (this work and
Posnien et al. 2012; Ramaekers et al. 2019; Gaspar et al.
2020), whereas eye size differences between D. simulans and
D. mauritiana are caused by variation in ommatidia size
(Posnien et al. 2012; Arif et al. 2013). As these two features
are regulated at different timepoints by different develop-
mental processes, it is expected that the molecular and de-
velopmental basis of eye size differences varies in different
groups. Therefore, depending on the cellular basis of observed
morphological differences, different developmental and mo-
lecular mechanisms can be affected.

A potential explanation for the convergent evolution of
the head trade-off may be the complex modular nature of
head development. The eye—antennal disc comprises com-
partments for all future head structures, including the eye, the
interstitial cuticle, and the antennae (supplementary fig. S1A,
Supplementary Material online). Besides the already estab-
lished mechanisms (this work and Ramaekers et al. 2019), it
is conceivable that differences in adult head morphology can
be the result of variation in different developmental processes
in each compartment of the disc at different time points.
Additionally, the development of a complex organ, such as
the insect compound eye, is controlled by several hub genes.

220z Ainr gz uo 3senb Aq 6226509/726 L/S/8E/2I101HB/20 /WO dNO"dlWapede//:sd)y WOol PaPEojuUMOQ



Interspecific Differences in Head Shape and Eye Size in Drosophila - doi:10.1093/molbev/msaa335

MBE

This is best exemplified by the observation that the experi-
mental mis-expression of different members of the retinal
determination network can induce an ectopic retinal devel-
opmental program (Halder et al. 1995; Bonini et al. 1997; Shen
and Mardon 1997; Pan and Rubin 1998; Seimiya and Gehring
2000), suggesting that they all act as input—output devices in
the retinal GRN. In contrast, the development of rather sim-
ple morphological traits is regulated by very few hub genes
that act as input—output devices integrating positional infor-
mation and activating most target genes required to initiate
the entire developmental program to form the structure
(Stern and Orgogozo 2008, 2009). In summary, our current
knowledge based on quantitative genetics, developmental as
well as morphological data suggest that different nodes
within the GRN underlying head and eye development evolve
to give rise to variation in head morphology in Drosophila. We
argue that the complexity and modularity of complex organ
development facilitate the convergent evolution of complex
morphological traits.

Context-Dependent Regulatory Interactions Facilitate
the Evolution of Pleiotropic Hub Genes
Our data and the work of others consistently revealed varia-
tion in the expression and function of crucial pleiotropic
genes contributing to morphological evolution (e.g, this
work and Shapiro et al. 2004 McGregor et al. 2007
Ramaekers et al. 2019). On the first glance, this observation
is counter-intuitive for two reasons: 1) the mutation rates of
central developmental regulators, such as TFs and signaling
molecules, are low (Wagner and Lynch 2008; Alvarez-Ponce
et al. 2009; Davila-Velderrain et al. 2014) and such factors tend
to be functionally conserved across the animal kingdom
(Halder et al. 1995) and 2) systematic analyses of GRN con-
nectivity showed that developmental regulators are often
highly connected (Borneman et al. 2006; Vermeirssen et al.
2007). As GRNs are thought to be scale-free with few highly
connected hub genes, mutations are more likely to occur in
the many weakly connected peripheral genes (Barabasi and
Oltvai 2004; Boyle et al. 2017). Therefore, the question arises,
why morphological evolution is often driven by natural var-
iation in expression of highly connected pleiotropic genes?
First, although a high level of network connectivity ensures
network stability, data obtained in yeast showed that genes
that are regulated by many other factors (trans-mutational
target size) and genes that contain many TF-binding motifs
(cis-mutational target size) are more prone to accumulate
mutations (Promislow 2005; Landry et al. 2007). A study of
Mendelian and complex disease genes revealed that they are
often highly connected and that they act as brokers, connect-
ing genes that are themselves poorly connected. Such broker
positions could represent fragile nodes and variation in such
genes may more likely result in phenotypic differences (Cai
et al. 2010). Although it remains to be tested if highly con-
nected developmental regulators occupy similar fragile posi-
tions within GRNs, the position of pleiotropic genes within
GRNs may influence the evolvability of their expression or
function.

Second, highly connected genes often contain a complex
regulatory landscape with many cis-regulatory elements
allowing for their incorporation in different developmental
GRNs (Promislow 2005; Borneman et al. 2006; Vermeirssen
et al. 2007). Consequently, a complex gene regulation facil-
itates the remodeling of regulatory interactions in a tem-
porally and spatially defined manner (reviewed in Macneil
and Walhout 2011). Eye—antennal disc development is
highly complex and the regulatory interactions within the
underlying GRN are variable both throughout time (Torres-
Oliva et al. 2018) and in different parts of the disc (Potier
et al. 2014), requiring the use of the same developmental
gene products in different contexts. For instance, genes of
the retinal determination network are essential for the ini-
tial proliferation and growth of the entire eye—antennal disc
(Bessa et al. 2002; Lopes and Casares 2010; Neto et al. 2017)
and later they play a pivotal role in retinal specification
(Treisman 2013; Casares and Almudi 2016). These distinct
roles have been suggested to be achieved by considerable
rewiring of the respective GRNs, which allows them to fulfill
temporally and even spatially restricted tasks (Palliyil et al.
2018). The various described roles for Pnr during eye devel-
opment (Maurel-Zaffran and Treisman 2000; Oros et al.
2010), its continuous expression in the dorsal eye—antennal
disc, and the observation that variation in pnr expression
affects overall head shape and eye size simultaneously (this
work), strongly suggest that Pnr as well is involved in several
subnetworks during eye and head development. The inter-
action with cofactors, such as Ush provides a mechanism of
modulating the role of Pnr from an activating to a repres-
sing TF and its usage in spatially defined GRNs. Hence, the
context-specific modulation of expression of a highly pleio-
tropic developmental factor, such as pnr and its target
genes, is facilitated by complex and modular gene regula-
tion mechanisms and a highly dynamic underlying GRN.

A Versatile Method to Identify Tuning Nodes within
Developmental GRNs Underlying Morphological
Evolution

As natural variation in gene expression is a major driver of
morphological divergence (Stern and Orgogozo 2008;
Buchberger et al. 2019), many studies aiming at revealing
candidate genes underlying the evolution of morphological
traits employ comparative transcriptomics methods to study
differential gene expression. However, changes in gene func-
tion and expression are often buffered in GRNs to maintain a
stable phenotypic outcome (Giaever et al. 2002; Kamath et al.
2003; Hollenhorst et al. 2007; Costanzo et al. 2010; Frankel
et al. 2010; Gavin-Smyth et al. 2013; Tsai et al. 2019). This is
best exemplified by the observation that the individual loss of
function of many genes in yeast (Giaever et al. 2002) and the
nematode Caenorhabditis elegans (Kamath et al. 2003) rarely
has deleterious effects for the organism. In accordance with a
generally  conserved adult head morphology in
D. melanogaster and D. mauritiana, we found that the ex-
pression of many genes representing key developmental and
metabolic processes was conserved between the two species.
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However, the observed quantitative interspecific differences
in eye size and head shape must be due to variation in some
parts of the GRN which can be selected for if it translates into
phenotypic diversity that is advantageous for the organism
(Tsuda and Kawata 2010; Thompson et al. 2015; Chen et al.
2019).

In the light of the observed discrepancy between a gener-
ally high network stability and the flexibility in some parts of
the network, we propose that developmental GRNs must
contain at least two types of nodes (i.e, genes): structural
nodes and tuning nodes (fig. 5D). Structural nodes confer
phenotypic stability because variation in such nodes (e.g,
variation in expression of the gene) is either prevented by
tight regulation at the locus (fig. 5Di) or buffered downstream
in the GRN (fig. 5Dii). Such a robustness has been demon-
strated to be often the result of redundancies (Costanzo et al.
2010), either on the level of cis-regulatory elements (Frankel
et al. 2010; Tsai et al. 2019) or on TFs and signaling molecules
(Hollenhorst et al. 2007; Gavin-Smyth et al. 2013). In contrast,
tuning nodes represent genes for which variation is tolerated
within the GRN and results in quantitative phenotypic vari-
ation (fig. 5Diii). Natural variation in ey (Ramaekers et al. 2019)
and pnr expression (this work), which translates into head
shape and eye size differences, as well as the previously iden-
tified hotspot genes underlying variation in trichome forma-
tion (Sucena et al. 2003) and body pigmentation (Gompel
and Carroll 2003; Prud’homme et al. 2006) are excellent exam-
ples of such tuning nodes. It is important to note here that
developmental genes may represent tuning nodes in some
contexts, whereas they are structural nodes in most other
contexts. Our observation that interspecific differences in
pnr expression affected the dorsal head shape and eye size,
but not sensory bristle formation is an excellent example for
the context dependence of tuning and structural nodes.
Revealing structural and tuning nodes in different develop-
mental GRNs allows gaining new insights into constrained
and variable developmental processes, respectively.

As many highly connected hub genes with pleiotropic
functions have been shown to regulate morphological differ-
ences, they can be identified based on their effect on their
target genes (Peter and Davidson 2011). A systematic analysis
of GRN properties suggests that TF-to-gene interactions are
scale-free, meaning that some TFs regulate a high number of
genes (Barabasi and Oltvai 2004). Therefore, we hypothesized
that putative tuning nodes (e.g, genes coding for TFs) can be
elucidated by their impact on the expression of their target
genes (i.e, gene modules; Bar-Joseph et al. 2003; Segal et al.
2003; Arda and Walhout 2010). Accordingly, our methodo-
logical framework combines the identification of DEGs, clus-
tering of DEGs based on their developmental expression
dynamics and the identification of putative shared upstream
regulators integrating genomewide chromatin accessibility
data (fig. 2). As fluctuations in gene expression are often
buffered within GRNs, not all expression differences of puta-
tive tuning nodes will result in phenotypic differences.
Therefore, a functional validation is crucial to reveal pheno-
typically relevant tuning nodes. Such a validation can be
achieved by applying classical developmental genetics
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methods as shown in this work. If such tools are not estab-
lished, a tuning node could be validated using a hemizygosity
test based on widely applicable CRISPR/Cas9 aided genome
editing (Stern 2014).

Our approach unfolds its full potential if complemented
with quantitative genetics data to identify exact genetic var-
iants constituting the tuning node. This is relevant because
mutations affecting the expression or function of tuning
nodes could be in its locus itself or it could be the result of
genetic changes in an upstream regulator. In the latter case, it
is expected that the number of potential candidates up-
stream of the tuning node is low because systematic analyses
of GRN architecture revealed that the in-degree within net-
works follows a random distribution, suggesting that most
TFs tend to be regulated by only a few upstream factors
(Barabasi and Oltvai 2004). Therefore, once putative tuning
nodes are identified by comparative transcriptomics, the
number of candidate genes that regulate the tuning node is
expected to be low facilitating further molecular
characterization.

In summary, our comparative transcriptomics approach
can be used as entry point to study the evolution of complex
morphological traits or it can be applied to link already iden-
tified genetic variation to nodes within developmental GRNs
and to developmental processes. As the individual steps are
applicable in many organisms, including those for which
quantitative genetics approaches are not applicable, we are
convinced that the approach represents a versatile frame-
work to study the molecular and developmental basis of
morphological evolution.

Materials and Methods

A detailed description of all methods is available as Extended
Materials and Methods in the Supplementary Material,
Supplementary Material online.

Comparative Transcriptomics and ATACseq

Eye—antennal imaginal discs were dissected 72, 96, and 120 h
AEL from larvae of D. melanogaster (Oregon R) and
D. mauritiana (TAM16), respectively. Total RNA was
extracted from the discs and libraries for [lllumina
HiSeq2000 sequencing were generated using the TruSeq
RNA Sample Preparation Kit (Illumina, catalog ID RS-122-
2002). Reads were mapped using Bowtie2 v. 23.4.1
(Langmead and Salzberg 2012), mapping data were processed
using samtools version 1.9 (Li et al. 2009; Li 2011), and differ-
ential expression analysis was performed with the DESeq2
package (DESeq2_1.22.2, Love et al. 2014; R version 3.5.2).
Metascape was used to analyze differential enrichment of
GO terms for pairwise comparisons. Clustering of genes
according to their developmental expression dynamics was
performed with the coseq package (version 1.6.1) (Rau and
Maugis-Rabusseau 2018; Godichon-Baggioni et al. 2019) and
we searched for potential upstream factors using the i-
cisTarget tool (Herrmann et al. 2012; Imrichova et al. 2015).
ATACseq to assess chromatin accessibility was perfromed as
described before (Buenrostro et al. 2013). The pipeline used to
define a high confidence target gene list of Pnr is described in
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detail in the Extended Materials and Methods,

Supplementary Material online.

Genetic Crosses, Immunohistology, and Phenotyping
All fly crosses to knock down and overexpress pnr and ush as
well as crosses for lineage tracing experiments were per-
formed at 25°C and at a constant 12:12 h light:dark cycle.
We generated polyclonal antibodies against Pnr (Junion et al.
2012) and Ush (Fossett et al. 2001) based on previous knowl-
edge (Proteintech, Rosemont, IL), and immunohistology was
performed as described in the Extended Materials and
Methods, Supplementary Material online. Adult heads were
either mounted in Hoyer’s medium:Lactic Acid (50:50) or
directly imaged for ommatidia counting or shape analysis
using Geometric Morphometrics.
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