A complex gene regulatory architecture underlies the development and evolution
of cuticle morphology in Drosophila
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Abstract

The cuticle of insects is decorated with non-sensory hairs called trichomes. A few
Drosophila species independently lost most of the dorso-lateral trichomes on first instar
larvae. Genetic experiments revealed that this naked cuticle phenotype was caused by the
evolution of enhancer function at the ovo/shavenbaby (ovo/svb) locus. Here we explore
how this discovery catalyzed major new insights into morphological evolution in different
developmental contexts, enhancer pleiotropy in gene regulation and the functionality and
evolution of the Svb gene regulatory network (GRN). Taken together this highlights the
importance of understanding the architecture and evolution of gene regulatory networks
in detail and the great potential for further study of the Svb GRN.



Introduction

The quest for understanding the genetic basis of morphological evolution has been at the
forefront of evolutionary research for decades. The evolution of cuticle morphology in
Drosophila larvae has proven to be a powerful model for helping to decipher the genetic
and molecular mechanisms underlying morphological change. The apparent simplicity of
these morphological transitions contrasts with the complex and fascinating picture that
emerged at the genetic and molecular level. Here we discuss these findings, which have
important implications for understanding the evolution of gene regulation and
phenotypic diversity.

The genetic basis underlying the evolution of larval morphology in Drosophila

The cuticle of insects is decorated with non-sensory hairs, called microtrichia or trichomes.
It has been proposed that trichomes enhance the hydrophobicity of the cuticle [1], reduce
air resistance during flight or aid in larval locomotion [2]. In the genus Drosophila, first-
instar larvae exhibit a repetitive segmental pattern of trichomes (Figure 1A). In most
Drosophila species the dorso-lateral cuticle is covered by a dense lawn of fine trichomes,
called quaternary trichomes. Early work showed that the pattern of quaternary trichomes
has evolved multiple times within the genus [3,4]. In D. sechellia, a species closely related
to D. melanogaster, these trichomes were lost, causing a naked cuticle phenotype (Figure
1A) [4]. Similarly, species of the D. virilis species group exhibit both inter and intra-specific
variation in quaternary trichome numbers [3,5,6].

Genetic mapping experiments revealed that the naked cuticle phenotype of D.
sechellia results entirely from the evolution of a single locus named ovo/shavenbaby
(ovo/svb) [4]. This locus generates two transcripts in the germline (ovoA and ovoB) and



one transcript in somatic cells (svb) [7]. “"Hairy” species like D. melanogaster express svb
mMRNA in their epidermal quaternary cells, whereas "naked" species like D. sechellia lack
svb expression in these cells (Figure 1A) [4,5]. The svb mRNA encodes a zinc-finger
transcription factor that controls the expression of dozens of downstream effector genes
that collectively promote trichome differentiation [8,9]. The Svb protein is synthesized
with an N-terminus that contains a transcriptional repression domain [5] and N-terminal
degradation by the proteasome converts Svb into a transcriptional activator [10]. This
degradation step is mediated by small peptides encoded by the tarsal-less locus (tal, also
known as polished-rice or mille-pattes) [11,12], whose expression is controlled by
ecdysone signaling [13].

How did D. sechellia lose the expression of svb specifically in quaternary cells? The
exhaustive dissection of the ~100 kb region upstream of svb first exon in D. melanogaster
revealed that seven enhancers control the complex epidermal expression of svb in late
embryos (Figure 1B) [14,15]. These enhancers drive both unique and overlapping
expression patterns, providing robustness to svb expression under environmental or
genetic variation [15]. In D. sechellia, five of the svb enhancers evolved reduced activity
specifically in embryonic quaternary cells [14,15]. Likewise, the convergent evolution of a
naked dorso-lateral cuticle in D. ezoana, a species of the virilis species group, was caused
by parallel genetic changes in orthologous svb enhancers [16].

One of the svb enhancers that evolved reduced activity in D. sechellia, named EB6,
was studied in detail to uncover the precise genetic and molecular mechanisms of
enhancer evolution. E6 drives strong expression in quaternary cells of D. melanogaster
embryos, but multiple genetic changes, each of small effect, reduced the activity of this
enhancer in D. sechellia (Figure 1B) [17]. Six single-nucleotide substitutions and one
single-nucleotide deletion led to the disruption of transcription factor binding sites
(TFBSs) for transcriptional activators and, remarkably, to the creation of a novel TFBS for
the transcriptional repressor Abrupt [18]. Both the fact that all mutations in the D. sechellia
E6 enhancer diminish svb expression and the creation of a novel TFBS for a transcriptional
repressor, suggest that the loss of trichomes in D. sechellia evolved by natural selection.

Originally, the function of the svb gene regulatory network (GRN) was described in
the late Drosophila embryo. A further exploration of the activity of this GRN in later stages
of Drosophila development uncovered important aspects of cis-regulation and GRN
evolution. In addition, the characterization of svb homologs in distant species exposed a
likely ancestral role for ovo/svb.



Pleiotropic enhancers and pleiotropic TFBSs

It is often assumed that enhancers are tissue-specific regulatory elements and that TFBSs
within enhancers are not reused in different contexts [19]. However, few studies have
analyzed the activity of the same set of enhancers in different organs and/or
developmental stages in detail. Therefore, the idea that enhancers are mostly active in
unique tissues at specific times of development, as opposed to being active in multiple
developmental contexts (i.e., being pleiotropic), remains hypothetical [19,20].

Contrary to the expectations, it was recently shown that the seven embryonic
enhancers of svb also drive expression in many tissues during larval and pupal stages,
demonstrating that these regulatory elements have a pleiotropic function (Figure 1C)
[21**]. In the same vein, genome-wide analyses suggest that pleiotropic enhancers are
common in animal genomes [19]. This implies that small genomic fragments (< 1 kb)
might encode the regulatory information for driving expression in multiple developmental
contexts. Remarkably, a recent screen that identified hundreds of transcriptional silencers
in the embryonic mesoderm of D. melanogaster, showed that some of these repressive
elements can also function as transcriptional enhancers in other contexts [22]. This means
that there are not only pleiotropic enhancers in genomes, but pleiotropic regulatory
elements that, depending on the context, can have distinct functional features [23].

Although there is growing evidence for the ubiquity of pleiotropic enhancers, there
is very little knowledge regarding structural aspects of these regulatory elements. Are
pleiotropic enhancers constituted by independent pieces of regulatory information (i.e.,
independent sets of TFBSs each driving a different expression pattern) that are spatially
overlapped or closely juxtaposed? Alternatively, do pleiotropic enhancers re-use TFBSs
for driving their multiple expression patterns? So far, the detailed analyses of enhancers
from svb [21**,24**], scute [25] and yellow [26*] genes in Drosophila have shown that TFBS
can be reused in different developmental contexts. However, additional enhancer
dissections in multiple contexts are needed in order to determine whether site pleiotropy
(i.e., TFBS reuse) is a common theme in the function of pleiotropic enhancers.

Another interesting issue that has been explored to some extent is how enhancers
become pleiotropic [27]. For example, it has been shown that a large part of an ancestral
Hox-regulated GRN was redeployed to make a novel structure in the male genitalia of
Drosophila, and that this co-option event instantly turned the enhancers within the GRN
into pleiotropic enhancers [28]. Also, a recent study showed how a single enhancer of the
yellow gene, which drives an ancestral and broad expression pattern in the wing of



Drosophila species, turned into a pleiotropic regulatory element in D. biarmipes [26*]. In
this species, the use of ancestral regulatory information together with the acquisition of
new TFBSs generated a novel and restricted expression pattern in the wing [26*].

Finally, a detailed study of the genetic changes underlying wing pigmentation
differences in Heliconius butterflies has provided a glimpse on the evolution of pleiotropic
enhancers [29]. This work suggests that pleiotropic enhancers of the optix gene with broad
expression domains in the wings evolve through the gain or loss of repressor TFBSs rather
than through changes in activator TFBSs [29,30].

The topology of the svb GRN in the larva and leg of Drosophila and the evolution
of GRNs

The pivotal role of Svb and the architecture of the GRN that controls the development of
larval trichomes is understood in great detail [8,9,31,32**]. However, trichomes also
develop on the cuticle of adult structures, opening the question as to whether and how
the GRN differs in these diverse developmental contexts. This has been explored by
studying the development and patterning of trichomes on the second (T2) pair of adult
legs [32**-35]. As in larvae, Svb plays an important role in determining which epidermal
cells of the adult produce trichomes [21**,32** 35]. Moreover, most of the other genes
with a characterized role in the Svb GRN in larvae are also expressed in developing legs
[32**], implying that there are broad similarities between the larval and leg GRNs.
However, there are also a number of key differences which have been analyzed using a
trichome-free region on the proximal posterior T2 femur (the so-called naked valley). It is
likely that the ancestral state in D. melanogaster is a large trichome-free area (a large
naked valley) and that a reduction of the size of the naked valley (a gain of trichomes)
evolved within D. melanogaster [32,34]. Genetic mapping between D. melanogaster strains
with contrasting phenotypes in the naked valley revealed that this variation is not due to
regulatory changes in svb, but instead is caused by changes in the expression of a
microRNA named miR-92a [34]. This microRNA does not appear to be involved in larval
trichome patterning, but it blocks trichome formation on legs by post-transcriptionally
repressing at least two Svb target genes, shavenoid and CG14395 [32**34]. A second
difference in the GRN is related to the function of the Hox gene Ultrabithorax (Ubx), which
activates the formation of larval trichomes in D. melanogaster [31], but represses the
formation of leg trichomes [32**33,35]. Furthermore, it appears that Ubx-mediated



repression of leg trichomes depends on miR-92a, suggesting that Ubx may directly
activate the expression of this microRNA in legs [32**,35].

Comparisons between larval and leg trichome regulation have provided key
insights into GRN structure and evolution, suggesting that the nodes of a GRN that evolve
to generate phenotypic change may be context dependent, although further comparisons
are needed to explore the generality of this finding. For example, changes in the
regulation of scute and tartan genes in Drosophila contribute to polygenic interspecific
changes in bristle numbers on the hypandrium and surstyli (male genital structures)
respectively [25,36], which suggests that different genes have evolved in these two
contexts. However, exactly the same change in scute also underlies variation in the number
of sex comb bristles in T1 male legs [25]. Therefore, it will be interesting to describe these
GRNs in greater detail and to identify the other genes therein that contribute to these
morphological differences.

An ancient GRN involved in cell differentiation

Svb activates the expression of more than 150 target genes that promote trichome growth
in Drosophila [9]. It appears that Svb function in the epidermis and some of the
downstream components of this GRN are conserved in other flies [37], wasps [38*], beetles
[38*,39], hemipterans [38*,40] and even in the more distantly related crustacean Daphnia
[41](Figure 2).

In addition, the proteolytic processing of Svb via Tal is a key step required for Svb
function in contexts other than the epidermis throughout insects (Figure 2). Indeed, svb
and tal have a role in the formation of leg joints in Drosophila and other insects [38,42],
as well as a function in insect segmentation, which was lost in flies [38]. Moreover, it has
been shown that the homeostasis and differentiation of renal and intestinal stem cells in
Drosophila are also regulated by svb and tal [43,44]. It is likely that Svb interacts with
distinct partners in the many contexts in which it is active, with the concomitant activation
of different sets of target genes. For example, Svb partners with the transcription factor
Yki in renal stem cells [43], while in the embryonic epidermis Svb cooperates with the
transcription factor SoxN [45].

Genes homologous to ovo/svb are found throughout metazoans and are called
OVO-like (OVOL) in other clades [46]. In mice OVOL1 is involved in the formation of
epidermal hairs and spermatogenesis [47] and OVOL2 is required for germline
development, which resembles the functions of ovo/svb in trichome formation and



germline development in Drosophila [48]. In addition, OVOL1 and OVOL?2 are required in
vertebrates for epithelial maintenance by suppressing the epithelial-mesenchymal
transition [49-52]. Interestingly, it has been shown that Svb interacts with epithelial-
mesenchymal transition promoting factors during stem cell homeostasis in Drosophila
[43,44]. Thus, it is likely that a Svb-like protein had a role in germline development and
epithelial differentiation/tissue homeostasis in the urbilaterian ancestor (Figure 2),
although studies in more organisms are required to confirm this hypothesis.

Concluding remarks

Studies of the evolution of larval morphology in Drosophila uncovered the genetic and
molecular causes of phenotypic evolution at unprecedented resolution. An exhaustive
analysis of the svb gene facilitated the identification of several transcriptional enhancers,
allowing for the study of enhancer function in the context of a whole cis-regulatory region
and for a precise and quantitative measure of the effect of genetic changes during
enhancer evolution. At the same time, the analysis of trichome pattern variation in the
Drosophila leg and the dissection of the svb GRN in the leg showed that the preferred
evolutionary paths might be context dependent. Altogether, these studies have advanced
the knowledge on the genetic bases of morphological evolution. Nonetheless, it is clear
that we still have a superficial understanding of cis-regulatory logic and GRN evolution.
Undoubtedly, the next decades of shavenbaby research will provide, again, with important
insights on the evolution of transcriptional regulation.
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Figure 1. Larval trichome patterns have evolved between Drosophila species through
changes in the cis-regulatory region of the ovo/shavenbaby (ovo/svb) gene. (A) Top:
Drawing of trichome patterns in lateral views of first instar larvae of D. melanogaster (left)
and its closely related species D. sechellia (right). Bottom: svb mRNA patterns in stage 14
embryos of D. melanogaster (left) and D. sechellia (right). Adapted from McGregor et al.,
2007 [14]. (B) Structure of the svb locus, indicating the position of embryonic enhancers
(colored boxes) and their respective expression pattern in the embryonic epidermis of D.
melanogaster (top) and D. sechellia (bottom). svb coding region is marked in gray. (C)
Representation of the expression patterns driven by the D. melanogaster svb enhancers in



the third instar larva epidermis (top) and foregut (middle), and in the pupal epidermis
(bottom). Ph: pharynx, e: esophagus, pv: proventriculus.
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Figure 2. The evolution of the function of ovo/svb genes. Based on current literature, we
propose a hypothesis for the evolution of the different functions of ovo/svb genes in
distant linages. The species that are shown in the phylogenetic tree are the ones for which
there is information on ovo/svb function. Numbers in branches indicate likely events in
relation to the evolution of the function of ovo/svb genes (see text below).
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