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Abstract

:

Appendages are external projections of the body that serve the animal for locomotion, feeding, or environment exploration. The appendages of the fruit fly Drosophila melanogaster are derived from the imaginal discs, epithelial sac-like structures specified in the embryo that grow and pattern during larva development. In the last decades, genetic and developmental studies in the fruit fly have provided extensive knowledge regarding the mechanisms that direct the formation of the appendages. Importantly, many of the signaling pathways and patterning genes identified and characterized in Drosophila have similar functions during vertebrate appendage development. In this review, we will summarize the genetic and molecular mechanisms that lead to the specification of appendage primordia in the embryo and their posterior patterning during imaginal disc development. The identification of the regulatory logic underlying appendage specification in Drosophila suggests that the evolutionary origin of the insect wing is, in part, related to the development of ventral appendages.
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1. Introduction


Arthropods are the most successful group of animals and represent approximately three-quarters of the animal species currently living on Earth [1]. A key factor contributing to their success is their ability to exploit multiple ecological niches, most likely due to body plan modifications and innovations generating vast morphological diversity. Arthropod appendages show great variation in number, shape, and function, allowing multiple purposes from locomotion to feeding or environment sensing. However, besides their morphological disparity, it is likely that all appendages share common generative rules. Appendages have a proximodistal (P-D) axis that forms de novo orthogonal to the main body axes, the anteroposterior (A-P) and the dorsoventral (D-V). Molecular and genetic studies in the fruit fly, Drosophila melanogaster, have provided the basis of appendage development and served for comparative analysis with other arthropods [2]. Interestingly, many of the signaling pathways and patterning genes identified and characterized in Drosophila have comparable functions during vertebrate appendage development [3,4]. Thus, vertebrate and invertebrate appendages are built using similar underlying genetic programs, even though they are not homologous structures in the classic sense [5,6]. These similarities are often referred to as ‘deep homology’ [7].



Primitive insects develop appendages directly from embryonic limb buds that grow as external projections, while more derived insect species with complete metamorphosis, such as Drosophila, develop their appendages from imaginal precursors. The external adult body of Drosophila is formed by two different sets of cells, the imaginal discs and the histoblasts. The imaginal discs are specialized epithelial sheets specified in the embryo that grow and become patterned inside the larva. During the pupal stage, imaginal discs evert and differentiate to form the adult structures. The histoblasts are the precursors of the fly abdomen that, in contrast to the imaginal discs, only proliferate during pupal development. There are 19 imaginal discs in the larvae, 9 appearing in pairs, and the genitalia. The wing and haltere discs form the corresponding appendages and also the dorsal thorax. In a similar manner, the leg discs develop the appendage proper and the ventral pleura of the thorax. While thoracic imaginal precursors (wing, haltere, and legs) originate from a single embryonic segment [8,9], the genital disc primordia is a sexually dimorphic compound primordia derived from three abdominal segments (A8, A9, and A10) (reviewed in [10]). In a similar fashion to the genital primordia, the cells from different cephalic segmental identities coalesce together to form the eye-antennal disc [11]. The eye-antennal disc is also a compound structure that gives rise to the olfactory (antenna and maxillary palps) and visual (compound eyes and ocelli) organs plus the head epidermis [12]. We can group the appendages in dorsal or ventral depending on their relative positions within the body and their homology. Therefore, ventral appendages include the legs, antenna, and genitalia, while the wings and halteres are dorsal. In this review, we will focus on the patterning of the thoracic appendages and the antenna.



At the molecular level, a small number of signaling pathways are reiteratively used throughout development to specify and pattern the appendages in Drosophila and in vertebrates [3,4]. The function of signaling pathways such as hedgehog (Hh), decapentaplegic (Dpp), Wingless (Wg), Epidermal Growth Factor Receptor (EGFR) and Notch, and the transcription factors Distal-less (Dll), Homothorax (Hth) and members of the Sp family (Btd/Sp1) is fundamental in the formation of appendages. These signaling pathways and transcription factors are linked in regulatory networks, and cooperate to subdivide the developing appendages in different domains of gene expression. The identification and dissection of the cis-regulatory modules (CRMs) that controls the expression of genes required for wing, leg, or antenna development has been fundamental to decipher the regulatory networks that direct appendage formation [13,14,15,16,17,18]. Below, we discuss the regulatory logic behind appendage specification and patterning, and the implications in the evolutionary origin of the insect wing.




2. Allocation of the Thoracic Appendage Primordia


The development of imaginal discs is a progressive process initiated during embryogenesis with the specification of the imaginal primordia. Each primordium is formed by a characteristic number of cells located in the embryonic ectoderm in precise A-P and D-V location (Figure 1) [8,19]. All imaginal primordia are easily recognized by the restricted expression of the genes escargot (esg) and headcase (hdc), which maintain the imaginal state through the repression of endoreplication [20,21]. The segmental identity and position along the A-P axis of the different imaginal primordia is provided by the activity of Hox proteins [8,13,22,23,24]. The Hox genes encode homeodomain containing transcription factors that confer A-P identity along the body of the fly, defining unique developmental programs to each segment (reviewed in [25]). Therefore, the thoracic appendage primordia (legs, wing, and haltere) are restricted to their corresponding thoracic segments through the repression exerted by the abdominal Hox proteins (see below) [8,13,22,23].



The leg and wing/haltere presumptive imaginal discs are recognized in the thoracic segments of a late embryo as a genetically and morphologically distinct group of cells that form the ventral (VP) and dorsal primordia (DP), respectively (Figure 1A). The DP activates the expression of the snail (sna) and vg (vestigial) genes, while the VP expresses Distal-less (Dll) and the Sp family members Sp1 and buttonhead (btd) [26,27,28,29,30]. The first molecular sign of appendage specification is the activation of the homeobox-containing gene Dll [5,8,19,31]. Dll is expressed in the outgrowths of many animals and is essential for appendage formation [5,32]. In Drosophila, Dll expression is initiated in a group of about 30 cells in each thoracic hemisegment at stage 10 of embryogenesis [19]. Multiple Dll CRMs have been identified that partially reproduce the spatial and temporal expression of Dll. The characterization of these Dll CRMs reveals not only the molecular logic of Dll regulation but also allows the description of the developmental fate of Dll expressing cells [14,15,16,23]. At stage 10–11, an early Dll CRM, named Dll-304, is activated in a pattern similar to Dll and its activity decays some hours later [8,23]. These cells are defined as thoracic primordia (TP) because their progeny will contribute to both the VP (leg) and DP (wing/haltere) (see below). At this stage, Dll expression is positively regulated by Wg, that is expressed in D-V stripes in the anterior compartment of each thoracic segment [19]. The precise localization of Dll expression along the D-V axis in the thoracic embryo epidermis is also regulated by repression mediated by Decapentaplegic (Dpp) and the Epidermal Growth Factor Receptor (EGFR) pathways in dorsal and ventral cells, respectively [33] (Figure 1B). The regulation exerted by the Wg, Dpp, and EGFR signaling pathways is present in the thoracic and abdominal segments, although Dll expression is restricted to the thorax by repression mediated by the abdominal Hox proteins [23,34,35]. The Hox proteins Ultrabithorax (Ubx), Abdominal-A (Abd-A), and Abdominal B (Abd-B) directly bind to the early Dll-304 CRM in a compartment specific manner [35]. Although Dll could be activated in the absence of Antenapedia (Antp), the thoracic Hox protein, it has been recently shown that Antp plays a positive role in enhancing Dll expression levels [36].



2.1. Specification of the Ventral and Dorsal Primordia


Classic lineage experiments using X-ray somatic recombination and gynandromorphs already suggested that the dorsal and ventral primordia originated at the blastoderm stage in close proximity and presumably derive from an overlapping population of cells [37,38,39]. In accordance, more recent lineage-tracing experiments revealed that the progeny of Dll or Dll-304 expressing cells (TP) not only contribute to the entire leg imaginal disc, including the ventral body wall and the appendage, but also to the wing disc [13,16]. The initial group of Dll expressing cells (TP) is subdivided as embryogenesis progresses in cells that will contribute to the DP (wing and haltere) and the VP (legs). This process requires a correct balance between the D-V positional cues provided by the Dpp, EGFR, and Wg pathways [8,13,33,40,41] (Figure 1A,B). dpp expression at the dorsal side of the TP field generates a concentration gradient that promotes DP fate at high levels and specifies the VP fate at intermediate levels [33]. Simultaneously, the ventral activation of the EGFR pathway antagonizes Dpp signaling and restricts the activation of the wing promoting genes to the dorsal domain of the TP [40]. Dpp also activates the Dorsocross (Doc) genes in a broad lateral stripe that partially overlaps with the dorsal domain of the TP [42]. This leads to the repression of wg expression in the lateral ectoderm [13,43,44] (Figure 1A,B). In this manner, dorsal TP cells are exposed to high levels of both Doc and Dpp signaling and low Wg and EGFR. These cells will contribute to form the DP, lose Dll expression and activate the DP developmental program. In contrast, ventral TP cells retain high levels of Wg and EGFR, maintain Dll expression, and are fated to form the VP. Contrary to the opposite roles that the Dpp and EGFR pathways have on DP formation, both pathways positively direct VP fates [8,13,40,41]. At this stage, the role of the Wg pathway is restricted to VP, as it is necessary for Dll expression but not for wing formation [41].



The repression of Wg and the presence of high Dpp levels are a prerequisite for the activation of the DP promoting genes sna, esg, and vg in cells of the lateral ectoderm and dorsal to Dll expressing cells (Figure 1A) [13,33,40,41]. The activation of sna and vg is only observed in Dll-negative cells after the separation of the dorsal and ventral primordia. In contrast to Dll, which is expressed in the three thoracic segments, the activation of the DP specific genes (sna, esg, and vg) only occurs in the second and third thoracic segments (T2 and T3). sna and esg act redundantly to specify DP fate while vg is required later for the development of the wing and haltere appendages but not for DP formation [27,28]. At the end of embryogenesis, the different size of the wing and haltere primordia is already apparent, being the haltere approx. 30% smaller than the wing primordia. The number and size of the DP is regulated by the Hox proteins [13,22]. Restriction of the DP to the T2 and T3 segments is controlled by the repressor activity of Sex combs reduced (Scr) in T1 and by Ubx, Abd-A, and Abd-B in the abdominal segments [13,22]. Remarkably, Ubx has two different functions in DP specification: in the abdominal segments represses DP formation, while in the third thoracic segment regulates the size of the haltere. How Ubx exerts these two functions is unknown, but could be possibly explained by the different Ubx levels observed between the T3 and A1 segments [13,22,24]. High levels of Ubx in the A1 could repress DP genes while lower levels in T3 would reduce, but not eliminate, their activation. Another possibility is that the different behavior of Ubx would be explained by the use of diverse Hox cofactors in each of these segments.




2.2. Dual Developmental Origin of the Drosophila Wing and Its Evolutionary Implications


The origin of the insect wing is one of the most intriguing evolutionary events in biology, and is still under debate. Two main theories have been proposed to explain the origin of this morphological innovation (reviewed in [45]). The paranotal or tergal hypothesis proposes that wings are created de novo as an extension of the dorsal thorax or tergum [46]. The alternative theory, the gill-exite or pleural hypothesis evolutionarily connects the wings to a preexisting structure, the gill, present in the proximal base of an ancestral leg [47,48,49]. Studies in Drosophila and other insects have contributed significantly to decipher the origin and specification of insect appendages [8,44,50,51,52,53]. Recently, thanks to the identification and characterization of the sna dorsal primordia CRM (sna-DP), a clear picture of the origin and the genetic inputs that control DP specification was obtained [13]. sna-DP is first activated in a few cells dorsal to Dll expressing cells in T2 and T3 that later label the entire DP. A cell lineage analysis of sna-DP cells demonstrated that this CRM labels the entire wing disc cells including the progenitors of the thorax and appendage. Importantly, cells that have expressed—but no longer actively transcribe—Dll populate half of the DP [8,13,41]. These cells can be located at any part of the wing disc, although they are found preferentially in the ventral domain of the disc [13,16]. This bias is probably due to the relative location of the DP in relation to the VP in the embryo rather than to a preexisting genetic determination of these cells. In addition, genetic ablation of the TP domain reduces, but does not eliminate the sna-DP cells, suggesting the existence of DP cells that form independently of the TP [13]. Moreover, DP fates could be specified in the absence of Dll or the ventral appendage selector genes buttonhead (btd) and Sp1 [8,13,41,54]. All these experiments and the lineage tracing analysis indicate that the DP is derived from two populations of cells: one that derives from early Dll expressing cells (TP), and another that arises close to, but is independent of Dll expressing cells (Figure 1A). Importantly, as discussed above, both populations of cells that conform the DP require the same molecular signals for their specification: high levels of Dpp and low Wg [13] (Figure 1B). This dual developmental origin of the wing described for Drosophila is in accordance with recent evo-devo studies that support the unification of the paranotal and pleural hypotheses [44,50,51,53,55].




2.3. Proximo-Distal Subdivision of the Ventral Primordia


In contrast to the DP, where distinction between trunk and appendage occurs later in imaginal development (see below), the VP is organized in gene expression domains that subdivide the primordia in different territories (Figure 1C) [16,56,57,58]. The development of the VP requires the function of Dll and of the two paralogous genes btd and Sp1. Btd and Sp1 are members of the highly conserved Sp family of transcription factors required for appendage formation in vertebrates and invertebrates [30,59,60,61,62,63]. btd/Sp1 are expressed in the embryonic progenitors of the leg imaginal discs starting around stage 10-11 [29,30,54,64]. As it is the case with Dll, btd is activated by Wg and repressed dorsally and in the abdominal segments by Dpp and Ubx, respectively [30]. At stage 11, btd, Sp1 and Dll (Dll-304) are activated in parallel in the TP and are genetically independent of each other. Importantly, as mentioned before, these TP cells could contribute to the DP and to the entire VP. Some hours later, at stage 14, VP and DP are already separated and the activity of the Dll-304 CRM decays. At this time point, Dll expression is controlled by two Dll CRMs with mutually exclusive patterns at the VP, the leg trigger (Dll-LT) and the Keilin organ (Dll-KO) elements (Figure 1C) [16]. The progressive refinement of the appendage primordium developmental potential is reflected by the cis-architecture of the Dll gene [14,16,65]. At the end of embryogenesis, the VP is genetically subdivided in domains with different cell fates that correspond to the P-D subdivision of the arthropod leg proposed by Robert E. Snodgrass (see below) [66,67] (Figure 1C). VP cells that express esg but do not activate Dll will form the coxopodite, the most proximal and unsegmented domain of the appendage that forms as an outgrowth of the bodywall, including the coxa. VP cells co-expressing esg and Dll (through the Dll-LT CRM) will form the telopodite or the leg proper, which includes all the distal leg segments that are articulated. Additionally, cells at the center of the VP that are esg negative and Dll positive (Dll-KO) are fated to form a larval mechanosensory structure that shares a common lineage with the leg disc called the Keilin’s organ (KO) [16,67]. While Dll-KO cells do not contribute to the leg imaginal disc, the progeny of Dll-LT activating cells form the entire telopodite. Consistently, in Dll mutants the telopodite is lost while the coxopodite is present [8,16,68,69]. Dll-LT is positively regulated by Wg and Dpp and repressed in the center of the VP by members of the achaete–scute complex (ASC) [14,16,67]. At the same time, Dll and ASC positively regulate the Dll-KO CRM restricting its activity to the VP [16]. At this stage btd and Sp1 act upstream of Dll and only the elimination of both genes suppresses Dll expression and the activity of the Dll-LT and Dll-KO enhancers [14,16,54]. Initially, some studies proposed that the two related homeobox genes Homothorax (Hth) and nuclear Extradenticle (Exd) were markers, along with esg, of coxopodite fate [33,40,41,70,71]. However, a reevaluation of the expression of hth, esg and Dll and their specific cell fate helped define a high-resolution map of the VP fates formed by three molecularly different domains with distinct developmental potential [16,67].





3. Specification of the Appendage Domain and Patterning of the Leg, Antenna and Wing Imaginal Discs


After the specification stage in the embryonic ectoderm, each imaginal primordium follows a developmental program in which the same signaling pathways and an increasing number of transcription factors cooperate to pattern the growing epithelium. In this process the size of each disc increases by cell proliferation, and the epithelium is progressively divided into domains of gene expression that confer each territory with particular cell identities. A common aspect of all thoracic discs is their division in A and P compartments conferred by the expression of engrailed (en) in posterior cells. Compartment boundaries are the source of signaling molecules that organize the pattern and growth of the imaginal disc [72]. In this section we will describe the molecular mechanisms that distinguish between trunk and appendage and the subsequent patterning of appendages culminating in the assignation of cellular fates that will specify the future domains of the adult organs.



3.1. Patterning of the Leg Imaginal Disc


The third instar leg imaginal disc is roughly circular in shape with the distal-most region of the leg located in the center of the disc, and the most proximal leg segments and the pleura arising from the periphery of the disc. Antp is the selector Hox gene for leg identity that is expressed in the leg imaginal disc but not in the antenna disc. As expected for its selector function, Antp mutant legs are transformed into antenna and Antp ectopic expression in the antenna converts it into leg [73]. The leg P-D axis is formed orthogonally to the previously established A-P and D-V axis, and its formation is intimately connected with the A-P compartment subdivision. Thus, posterior cells express hedgehog (hh) which acts as a short-range signal that activates the expression of dpp and wg in the anterior dorsal and ventral halves of the disc, respectively [74]. Dpp and Wg are both necessary to establish and pattern the D-V and the P-D axes. The D-V axis is organized by the mutually antagonistic repression of Wg and Dpp and interactions between its downstream genes (Figure 2A) [75,76,77,78,79,80]. Briefly, Wg specifies ventral fates through the activation of H15 and midline (mid) and the repression of dorsal genes such as Doc and optomotor blind (omb) [43,81]. Therefore, in wg mutants all the ventral structures are lost and replaced by a mirror duplication of dorsal ones and the reverse phenotypes are observed for dpp mutants [75,76,78,80,82].



The P-D axis is initiated at the center of the disc where high levels of Wg and Dpp activate downstream genes such as Dll [14,83,84,85,86]. Dll in turn activates dachshund (dac) in the medial domain of the leg disc, whereas high levels of Wg and Dpp represses its expression in the distal tip [85,87]. Once activated, Dll and dac expression is maintained in part by autoregulatory mechanisms [14,87]. Simultaneously, the expression of hth is restricted to the periphery of the disc by a Wg and Dpp dependent repression mechanism [88,89]. This mechanism could be mediated by the zinc finger proteins encoded by the elbow (el) and no ocelli (noc) genes that act in the leg and the wing discs to repress hth expression, and therefore body wall fates [90]. Consequently, as a result of the A-P compartment subdivision and the restricted expression of Hh, Dpp, and Wg the leg is divided along the P-D axes in proximal, medial, and distal domains defined by the expression of hth, dac, and Dll, respectively (Figure 2A). At this stage Antp prevents hth and Dll coexpression in the leg, suppressing antennal identity [91,92,93,94]. Importantly, the ancestral subdivision of the leg in the coxopodite and telopodite is reflected at the molecular level by the differential response of the leg imaginal disc cells to the Wg and Dpp signaling pathways. Therefore, cells that receive both Wg and Dpp activate the Dll and dac genes and specify the telopodite. In contrast, cells that are unable to respond to these pathways are specified as coxopodite and activate hth [70,71] (Figure 1C).



The distal domain of the leg is further patterned by a P-D gradient of EGFR signaling, mediated by the EGFR ligand Vein (Vn), that regulates the expression in a distal to proximal manner of aristaless (al), Bar (B), and rotund (rn) among others [95,96] (Figure 2A,B). A complex cross-regulation between these transcription factors ensure the segmental subdivision of the distal domain in five tarsi (reviewed in [97,98]). Besides providing unique segmental identity along the P-D axis of the leg, this regulatory network is responsible for the segmentally repeated expression in concentric rings of the Notch ligands Delta (Dl) and Serrate (Ser) [99,100]. Notch activation at the distal-end of each presumptive segment is evident at the end of larval development and directs the formation of the joints and the non-autonomous growth of the leg [101,102,103] (Figure 2A,B). The ventral appendage selector-like genes btd and Sp1 are co-opted later during imaginal development to control the growth and pattern of the leg, in part through the regulation of Ser expression and therefore Notch signaling [100]. Two types of joints with different morphologies and evolutionary origin could be found in the adult leg. The proximal or true joints are asymmetrical and have associated musculature, whereas the distal joints are symmetrical and not attached to muscles [66,104,105]. Notch controls joint morphogenesis through the activation of subsidiary transcription factors required for distal joints such as dysfusion (dysf), proximal joints such as the odd-skipped gen family of for all joints like dAp-2 ([103,106,107] and reviewed in [108]).




3.2. Patterning of the Wing Imaginal Disc


The DP contains the progenitors of both the wing and the body wall structures, however in contrast to early P-D specification of the VP, the trunk/appendage distinction is only evident later during larval development (Figure 1C and Figure 3). The mature wing disc is formed by two distinct domains, the body wall and the appendage, which in turn is subdivided in the proximal hinge and the wing blade. The specification of the body wall and the wing appendage is made by the mutually repressive activities of two signaling pathways: the Vn/EGFR acting in the proximal domain of the disc that specifies body wall fates, and Wg at the distal region that will form the wing field (Figure 3) [109,110,111,112].



Consequently, in the absence of Wg the wing field is lost and a duplication of proximal structures is observed [56,58]. In the early primordium, the activity of the EGFR pathway represses the ability to induce wing fates by Wg and promotes notum fates [110,111]. As the disc grows in size induced by the activity of Notch, the signaling sources of the EGFR and Wg pathways become separated allowing the specification of the wing field by Wg and the activation of wing promoting genes such as nubbin (nub) and vg [58,113]. The activation of nub and vg is accompanied by the repression of the body wall genes teashirt (tsh) and hth (Figure 3) [114,115]. The different P-D expression of hth/tsh (notum and hinge) and vg (wing blade) is analogous to the leg disc, where hth/tsh are also restricted to the proximal domain to promote body wall structures (Figure 1C). It has been proposed that as in the leg, Wg and Dpp in the wing disc are required, through the activation of el and noc, to repress hth and tsh expression from the wing territory [90,114,116]. However other mechanisms have also been proposed [115]. The EGFR pathway is also required to activate the dorsal selector gene apterous (ap) that subdivide the thorax and the wing field in dorsal (D) and ventral (V) compartments [17,111,117,118]. This D-V subdivision is absolutely necessary for vg expression and wing outgrowth [119]. Ap regulates the expression of the Notch ligands Dl and Ser that in turn activate the Notch pathway at the D-V boundary. Wg and Notch cooperate to induce the expression of vg in the cells that will become the wing blade [120,121,122]. The mutual antagonism between hth and vg subdivide the wing field in the pouch and the hinge [116]. The hinge region of the wing field is specified by the combined action of Wg, Hth, and Tsh [92,114,121]. In the proximal region of the disc, the EGFR pathway induces the expression of the notum specifying genes of the Iroquois-complex (Iro-C) that are repressed in the wing field by Dpp secreted in the A-P boundary (Figure 3) [123,124,125,126]. Once specified, the notum is further subdivided in medial and lateral domains by the activity of the transcription factor Pannier (Pnr) that promotes medial vs lateral fates [127].



As in the leg disc, en expression subdivides the wing disc in two populations of cells, the A and P compartments. The A-P boundary acts a source of positional information where Hh secreted from the posterior compartment activates the expression of dpp in A cells. Dpp and Hh are both required to pattern the wing blade along the A-P axis (Figure 3). Dpp diffusion from the A-P boundary restricts the expression of brinker (brk) to the lateral domain of the wing [128,129,130]. Dpp and Brk in turn, regulates the expression of omb and the spalt genes (sal) in nested domains [130]. The Hh and Dpp signals act coordinately with the EGFR signaling pathway to position and maintain vein territories in the developing wing (reviewed by [131,132]).




3.3. Patterning of the Eye-Antennal Disc


The eye-antennal disc (EAD) is formed by different populations of cells located in the cephalic segments that coalesce together [11]. The EAD is a compound disc that gives rise to the eye, the ocelli, the palpus and the antenna plus the head cuticle that surrounds them. Homeotic transformations from antenna to leg have been described for several mutations, including hth, spineless (ss), and Antp that converts every antenna part to its corresponding leg segment [133,134] (Figure 4B). Therefore, the antenna and leg appendages have been considered serial homologous structures that share a similar developmental program. Thus, variations in this developmental program are responsible for the morphological differences between these two appendages.



Early on larval development (L1) the EAD shows no sign of regional specification and presents uniform expression of several transcription factors including hth and tsh and the eye determinants eyeless (ey) and sine oculis (so) (Figure 4A) [135,136,137]. The two main developmental fields within the disc, the antenna and the eye, are segregated during larval stages (L2) at the time when specific eye and antenna determinants are restricted to the corresponding EAD domain [136,137,138,139,140]. The transcription factors Ey, Eyes absent (Eya) and So are selectors for eye development while Hth, Dll, Ss, and Cut have been proposed to select for antennal fates. The antagonistic interactions between the Notch and the EGFR pathways regulate the eye and antennal fate decision [135] (Figure 4A). Accordingly, the downregulation of the Notch pathway or the activation of the EGFR in the eye field transforms it into an antenna [135]. However, the role of Notch as an eye identity inducer has been debated [136]. In this view, Notch influences eye field specification through its control on cell proliferation, thus modulating the activity of the Dpp and Wg signaling pathways located at opposing sides of the early EA disc [136,141]. Wg is a negative regulator of eye development while Dpp induces the expression of the eye determinant eya ([136,142] and reviewed in [143]). Once the two morphogenetic fields have been established, the restricted expression of antenna and eye promoting genes is observed (Figure 4A). For example, Cut and Hth represses the eye specification genes ey and so while the latter represses hth and cut [137]. The patterning logic that controls the P-D axis formation in the antenna is similar to what can be found in the leg [84]. Hh secretion from posterior cells activates the expression of dpp and wg in dorsal and ventral anterior cells, respectively that in turn directs P-D axis formation through the regulation of Dll, Dac, and hth. As in the leg, Dll specifies distal fates while Hth promotes proximal identities. However, in contrast to the leg where the domains of Dll+Dac and Hth are mostly exclusive, these genes are co-expressed in a large territory in the antenna (Figure 4A) [91,144,145]. The presence in the leg of the selector gene Antp is a key factor for hth repression while its absence in the antenna allows Dll and hth coexpression [91,94,146]. Antennal identity depends on the coordinated action of Hth and Dll, which together activate the expression of antennal determinants such as ss or spalt (sal) [145,147]. Ss in turns control the expression of distal antenna (dan) and distal antenna related (danr) genes, responsible for the specification of distal antenna identity [148,149].





4. Perspectives


In this review, we have discussed how the study of Drosophila melanogaster has provided a detailed picture of the molecular mechanisms that lead to the specification and patterning of the adult appendages. Importantly, many of the signaling pathways and transcription factors identified in the fly have similar functions during vertebrate limb development. However, many important questions remain unsolved. First, the target genes and the regulatory networks controlled by the transcription factors that subdivide the appendages along the different axes are still largely unknown. This includes the analysis of the molecular interactions between patterning genes and signaling pathways. Second, further investigation would be required to unravel how the patterning information is translated into cellular behaviors (cell growth, division, and cytoskeleton organization, among others), which are ultimately responsible for the characteristic shape and size of the different appendages of the fly. The use of whole genome techniques such as ChIP (Chromatin Immunoprecipitation) or ATAC (assay for transposase accessible chromatin) assays, coupled with whole genome sequencing is essential to identify the target genes and the regulatory landscapes governed by the patterning transcription factors. In addition, live imaging techniques would provide novel information of the morphogenetic processes and dynamics during appendage specification and formation.







Funding


This work was supported by grants from the Secretaría de Estado de Investigación, Desarrollo e Innovación (Ministerio de Economía y Competitividad) (no. BFU2015-65728-P to C.E.).




Acknowledgments


We specially thank Jose Felix de Celis and Antonio Baonza for helpful criticisms during manuscript preparation. We apologize to all the authors whose work has not been cited due to space limitations.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Engel, M.S. Insect evolution. Curr. Biol. 2015, 25, R868–R872. [Google Scholar] [CrossRef] [PubMed]

	



Angelini, D.R.; Kaufman, T.C. Insect appendages and comparative ontogenetics. Dev. Biol. 2005, 286, 57–77. [Google Scholar] [CrossRef] [PubMed]

	



Tabin, C.; Carroll, S.; Panganiban, G. Out on a limb: Parallels in vertebrate and invertebrate limb patterning and the origin of appendages. Am. Zool. 1999, 39, 650–663. [Google Scholar] [CrossRef]

	



Pueyo, J.I.; Couso, J.P. Parallels between the proximal-distal development of vertebrate and arthropod appendages: Homology without an ancestor? Curr. Opin. Genet. Dev. 2005, 15, 439–446. [Google Scholar] [CrossRef] [PubMed]

	



Panganiban, G.; Irvine, S.M.; Lowe, C.; Roehl, H.; Corley, L.S.; Sherbon, B.; Grenier, J.K.; Fallon, J.F.; Kimble, J.; Walker, M.; et al. The origin and evolution of animal appendages. Proc. Natl. Acad. Sci. USA 1997, 94, 5162–5166. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Shubin, N.; Tabin, C.; Carroll, S. Fossils, genes and the evolution of animal limbs. Nature 1997, 388, 639–648. [Google Scholar] [CrossRef] [PubMed]

	



Shubin, N.; Tabin, C.; Carroll, S. Deep homology and the origins of evolutionary novelty. Nature 2009, 457, 818–823. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, B.; Simcox, A.A.; Cohen, S.M. Allocation of the thoracic imaginal primordia in the Drosophila embryo. Development 1993, 117, 597–608. [Google Scholar] [PubMed]

	



Bate, M.; Arias, A.M. The embryonic origin of imaginal discs in Drosophila. Development 1991, 112, 755–761. [Google Scholar] [PubMed]

	



Estrada, B.; Casares, F.; Sanchez-Herrero, E. Development of the genitalia in Drosophila melanogaster. Differentiation 2003, 71, 299–310. [Google Scholar] [CrossRef] [PubMed]

	



Younossi-Hartenstein, A.; Tepass, U.; Hartenstein, V. Embryonic origin of the imaginal discs of the head of Drosophila melanogaster. Roux. Arch. Dev. Biol. 1993, 203, 60–73. [Google Scholar] [CrossRef] [PubMed]

	



Haynie, J.L.; Bryant, P.J. Development of the eye-antenna imaginal disc and morphogenesis of the adult head in Drosophila melanogaster. J. Exp. Zool. 1986, 237, 293–308. [Google Scholar] [CrossRef] [PubMed]

	



Requena, D.; Alvarez, J.A.; Gabilondo, H.; Loker, R.; Mann, R.S.; Estella, C. Origins and specification of the Drosophila wing. Curr. Biol. 2017, 27, 3826–3836. [Google Scholar] [CrossRef] [PubMed]

	



Estella, C.; McKay, D.J.; Mann, R.S. Molecular integration of wingless, decapentaplegic, and autoregulatory inputs into Distalless during Drosophila leg development. Dev. Cell 2008, 14, 86–96. [Google Scholar] [CrossRef] [PubMed]

	



Galindo, M.I.; Fernandez-Garza, D.; Phillips, R.; Couso, J.P. Control of distal-less expression in the Drosophila appendages by functional 3′ enhancers. Dev. Biol. 2011, 353, 396–410. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



McKay, D.J.; Estella, C.; Mann, R.S. The origins of the Drosophila leg revealed by the cis-regulatory architecture of the Distalless gene. Development 2009, 136, 61–71. [Google Scholar] [CrossRef] [PubMed]

	



Bieli, D.; Kanca, O.; Requena, D.; Hamaratoglu, F.; Gohl, D.; Schedl, P.; Affolter, M.; Slattery, M.; Müller, M.; Estella, C. Establishment of a developmental compartment requires interactions between three synergistic cis-regulatory modules. PLoS Genet. 2015, 11, e1005376. [Google Scholar] [CrossRef] [PubMed]

	



Emmons, R.B.; Duncan, D.; Duncan, I. Regulation of the Drosophila distal antennal determinant spineless. Dev. Biol. 2007, 302, 412–426. [Google Scholar] [CrossRef] [PubMed]

	



Cohen, S.M. Specification of limb development in the Drosophila embryo by positional cues from segmentation genes. Nature 1990, 343, 173–177. [Google Scholar] [CrossRef] [PubMed]

	



Weaver, T.A.; White, R.A. Headcase, an imaginal specific gene required for adult morphogenesis in Drosophila melanogaster. Development 1995, 121, 4149–4160. [Google Scholar] [PubMed]

	



Hayashi, S.; Hirose, S.; Metcalfe, T.; Shirras, A.D. Control of imaginal cell development by the escargot gene of Drosophila. Development 1993, 118, 105–115. [Google Scholar] [CrossRef]

	



Carroll, S.B.; Weatherbee, S.D.; Langeland, J.A. Homeotic genes and the regulation and evolution of insect wing number. Nature 1995, 375, 58–61. [Google Scholar] [CrossRef] [PubMed]

	



Vachon, G.; Cohen, B.; Pfeifle, C.; McGuffin, M.E.; Botas, J.; Cohen, S.M. Homeotic genes of the Bithorax complex repress limb development in the abdomen of the Drosophila embryo through the target gene Distal-less. Cell 1992, 71, 437–450. [Google Scholar] [CrossRef]

	



Castelli-Gair, J.; Akam, M. How the hox gene Ultrabithorax specifies two different segments: The significance of spatial and temporal regulation within metameres. Development 1995, 121, 2973–2982. [Google Scholar] [PubMed]

	



Hughes, C.L.; Kaufman, T.C. Hox genes and the evolution of the arthropod body plan. Evol. Dev. 2002, 4, 459–499. [Google Scholar] [CrossRef] [PubMed]

	



Whiteley, M.; Noguchi, P.D.; Sensabaugh, S.M.; Odenwald, W.F.; Kassis, J.A. The Drosophila gene escargot encodes a zinc finger motif found in snail-related genes. Mech. Dev. 1992, 36, 117–127. [Google Scholar] [CrossRef]

	



Fuse, N.; Hirose, S.; Hayashi, S. Determination of wing cell fate by the escargot and snail genes in Drosophila. Development 1996, 122, 1059–1067. [Google Scholar] [PubMed]

	



Williams, J.A.; Bell, J.B.; Carroll, S.B. Control of Drosophila wing and haltere development by the nuclear vestigial gene product. Genes Dev. 1991, 5, 2481–2495. [Google Scholar] [CrossRef] [PubMed]

	



Schock, F.; Purnell, B.A.; Wimmer, E.A.; Jackle, H. Common and diverged functions of the Drosophila gene pair D-Sp1 and buttonhead. Mech. Dev. 1999, 89, 125–132. [Google Scholar] [CrossRef]

	



Estella, C.; Rieckhof, G.; Calleja, M.; Morata, G. The role of buttonhead and Sp1 in the development of the ventral imaginal discs of Drosophila. Development 2003, 130, 5929–5941. [Google Scholar] [CrossRef] [PubMed]

	



Panganiban, G.; Rubenstein, J.L. Developmental functions of the Distal-less/Dlx homeobox genes. Development 2002, 129, 4371–4386. [Google Scholar] [PubMed]

	



Cohen, S.M.; Jurgens, G. Proximal-distal pattern formation in Drosophila: Cell autonomous requirement for Distal-less gene activity in limb development. EMBO J. 1989, 8, 2045–2055. [Google Scholar] [PubMed]

	



Goto, S.; Hayashi, S. Specification of the embryonic limb primordium by graded activity of Decapentaplegic. Development 1997, 124, 125–132. [Google Scholar] [PubMed]

	



Gebelein, B.; Culi, J.; Ryoo, H.D.; Zhang, W.; Mann, R.S. Specificity of Distalless repression and limb primordia development by abdominal Hox proteins. Dev. Cell 2002, 3, 487–498. [Google Scholar] [CrossRef]

	



Gebelein, B.; McKay, D.J.; Mann, R.S. Direct integration of Hox and segmentation gene inputs during Drosophila development. Nature 2004, 431, 653–659. [Google Scholar] [CrossRef] [PubMed]

	



Uhl, J.D.; Zandvakili, A.; Gebelein, B. A Hox transcription factor collective binds a highly conserved distal-less cis-regulatory module to generate robust transcriptional outcomes. PLoS Genet. 2016, 12, e1005981. [Google Scholar] [CrossRef] [PubMed]

	



Wieschaus, E.; Gehring, W. Clonal analysis of primordial disc cells in the early embryo of Drosophila melanogaster. Dev. Biol. 1976, 50, 249–263. [Google Scholar] [CrossRef]

	



Wieschaus, E.; Gehring, W. Gynandromorph analysis of the thoracic disc primordia in Drosophila melanogaster. Wilhelm Roux. Arch. Dev. Biol. 1976, 180, 31–46. [Google Scholar] [CrossRef] [PubMed]

	



Lawrence, P.A.; Morata, G. The early development of mesothoracic compartments in Drosophila. An analysis of cell lineage and fate mapping and an assessment of methods. Dev. Biol. 1977, 56, 40–51. [Google Scholar] [CrossRef]

	



Kubota, K.; Goto, S.; Eto, K.; Hayashi, S. EGF receptor attenuates Dpp signaling and helps to distinguish the wing and leg cell fates in Drosophila. Development 2000, 127, 3769–3776. [Google Scholar] [PubMed]

	



Kubota, K.; Goto, S.; Hayashi, S. The role of Wg signaling in the patterning of embryonic leg primordium in Drosophila. Dev. Biol. 2003, 257, 117–126. [Google Scholar] [CrossRef]

	



Hamaguchi, T.; Yabe, S.; Uchiyama, H.; Murakami, R. Drosophila Tbx6-related gene, Dorsocross, mediates high levels of Dpp and Scw signal required for the development of amnioserosa and wing disc primordium. Dev. Biol. 2004, 265, 355–368. [Google Scholar] [CrossRef] [PubMed]

	



Reim, I.; Lee, H.H.; Frasch, M. The T-box-encoding Dorsocross genes function in amnioserosa development and the patterning of the dorsolateral germ band downstream of Dpp. Development 2003, 130, 3187–3204. [Google Scholar] [CrossRef] [PubMed]

	



Niwa, N.; Akimoto-Kato, A.; Niimi, T.; Tojo, K.; Machida, R.; Hayashi, S. Evolutionary origin of the insect wing via integration of two developmental modules. Evol. Dev. 2010, 12, 168–176. [Google Scholar] [CrossRef] [PubMed]

	



Clark-Hachtel, C.M.; Tomoyasu, Y. Exploring the origin of insect wings from an evo-devo perspective. Curr. Opin. Insect Sci. 2016, 13, 77–85. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Crampton, G. The phylogenetic origin and the nature of the wings of insects according to the paranotal theory. J. N. Y. Entomol. Soc. 1916, 24, 1–39. [Google Scholar]

	



Kukalova-Peck, J. Origin and evolution of insect wings and their relation to metamorphosis, as documented by the fossil record. J. Morphol. 1978, 156, 53–125. [Google Scholar] [CrossRef]

	



Kukalova-Peck, J. Origin of the insect wing and wing articulation from the arthropodan leg. Can. J. Zool. 1983, 61, 1618–1669. [Google Scholar] [CrossRef]

	



Averof, M.; Cohen, S.M. Evolutionary origin of insect wings from ancestral gills. Nature 1997, 385, 627–630. [Google Scholar] [CrossRef] [PubMed]

	



Linz, D.M.; Tomoyasu, Y. Dual evolutionary origin of insect wings supported by an investigation of the abdominal wing serial homologs in Tribolium. Proc. Natl. Acad. Sci. USA 2018, 115, E658–E667. [Google Scholar] [CrossRef] [PubMed]

	



Clark-Hachtel, C.M.; Linz, D.M.; Tomoyasu, Y. Insights into insect wing origin provided by functional analysis of vestigial in the red flour beetle, Tribolium castaneum. Proc. Natl. Acad. Sci. USA 2013, 110, 16951–16956. [Google Scholar] [CrossRef] [PubMed]

	



Elias-Neto, M.; Belles, X. Tergal and pleural structures contribute to the formation of ectopic prothoracic wings in cockroaches. R. Soc. Open Sci. 2016, 3, 160347. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Medved, V.; Marden, J.H.; Fescemyer, H.W.; Der, J.P.; Liu, J.; Mahfooz, N.; Popadic, A. Origin and diversification of wings: Insights from a neopteran insect. Proc. Natl. Acad. Sci. USA 2015, 112, 15946–15951. [Google Scholar] [CrossRef] [PubMed]

	



Estella, C.; Mann, R.S. Non-redundant selector and growth-promoting functions of two sister genes, buttonhead and Sp1, in Drosophila leg development. PLoS Genet. 2010, 6, e1001001. [Google Scholar] [CrossRef] [PubMed]

	



Prokop, J.; Pecharova, M.; Nel, A.; Hornschemeyer, T.; Krzeminska, E.; Krzeminski, W.; Engel, M.S. Paleozoic nymphal wing pads support dual model of insect wing origins. Curr. Biol. 2017, 27, 263–269. [Google Scholar] [CrossRef] [PubMed]

	



Couso, J.P.; Bate, M.; Martinez-Arias, A. A wingless-dependent polar coordinate system in Drosophila imaginal discs. Science 1993, 259, 484–489. [Google Scholar] [CrossRef] [PubMed]

	



Williams, J.A.; Paddock, S.W.; Carroll, S.B. Pattern formation in a secondary field: A hierarchy of regulatory genes subdivides the developing Drosophila wing disc into discrete subregions. Development 1993, 117, 571–584. [Google Scholar] [PubMed]

	



Ng, M.; Diaz-Benjumea, F.J.; Vincent, J.P.; Wu, J.; Cohen, S.M. Specification of the wing by localized expression of wingless protein. Nature 1996, 381, 316–318. [Google Scholar] [CrossRef] [PubMed]

	



Haro, E.; Delgado, I.; Junco, M.; Yamada, Y.; Mansouri, A.; Oberg, K.C.; Ros, M.A. Sp6 and sp8 transcription factors control AER formation and dorsal-ventral patterning in limb development. PLoS Genet. 2014, 10, e1004468. [Google Scholar] [CrossRef] [PubMed]

	



Kawakami, Y.; Esteban, C.R.; Matsui, T.; Rodriguez-Leon, J.; Kato, S.; Izpisua Belmonte, J.C. Sp8 and Sp9, two closely related buttonhead-like transcription factors, regulate Fgf8 expression and limb outgrowth in vertebrate embryos. Development 2004, 131, 4763–4774. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Bell, S.M.; Schreiner, C.M.; Waclaw, R.R.; Campbell, K.; Potter, S.S.; Scott, W.J. Sp8 is crucial for limb outgrowth and neuropore closure. Proc. Natl. Acad. Sci. USA 2003, 100, 12195–12200. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Beermann, A.; Aranda, M.; Schroder, R. The Sp8 zinc-finger transcription factor is involved in allometric growth of the limbs in the beetle Tribolium castaneum. Development 2004, 131, 733–742. [Google Scholar] [CrossRef] [PubMed]

	



Setton, E.V.W.; Sharma, P.P. Cooption of an appendage-patterning gene cassette in the head segmentation of arachnids. Proc. Natl. Acad. Sci. USA 2018, 115, E3491–E3500. [Google Scholar] [CrossRef] [PubMed]

	



Schaeper, N.D.; Prpic, N.M.; Wimmer, E.A. A clustered set of three Sp-family genes is ancestral in the Metazoa: Evidence from sequence analysis, protein domain structure, developmental expression patterns and chromosomal location. BMC Evol. Biol. 2010, 10, 88. [Google Scholar] [CrossRef] [PubMed]

	



Galindo, M.I.; Bishop, S.A.; Couso, J.P. Dynamic EGFR-Ras signalling in Drosophila leg development. Dev. Dyn. 2005, 233, 1496–1508. [Google Scholar] [CrossRef] [PubMed]

	



Snodgrass, R. Principles of Insect Morphology; McGraw-Hill: New York, NY, USA, 1935; pp. 83–99. [Google Scholar]

	



Bolinger, R.A.; Boekhoff-Falk, G. Distal-less functions in subdividing the Drosophila thoracic limb primordium. Dev. Dyn. 2005, 232, 801–816. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, G.; Tomlinson, A. The roles of the homeobox genes Aristaless and Distal-less in patterning the legs and wings of Drosophila. Development 1998, 125, 4483–4493. [Google Scholar] [PubMed]

	



Mandaravally Madhavan, M.; Schneiderman, H.A. Histological analysis of the dynamics of growth of imaginal discs and histoblast nests during the larval development of Drosophila melanogaster. Wilhelm Roux. Arch. Dev. Biol. 1977, 183, 269–305. [Google Scholar] [CrossRef] [PubMed]

	



Gonzalez-Crespo, S.; Abu-Shaar, M.; Torres, M.; Martinez, A.C.; Mann, R.S.; Morata, G. Antagonism between extradenticle function and Hedgehog signalling in the developing limb. Nature 1998, 394, 196–200. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



González-Crespo, S.; Morata, G. Genetic evidence for the subdivision of the arthropod limb into coxopodite and telopodite. Development 1996, 122, 3921–3928. [Google Scholar] [PubMed]

	



Irvine, K.D.; Rauskolb, C. Boundaries in development: Formation and function. Annu. Rev. Cell Dev. Biol. 2001, 17, 189–214. [Google Scholar] [CrossRef] [PubMed]

	



Struhl, G. Genes controlling segmental specification in the Drosophila thorax. Proc. Natl. Acad. Sci. USA 1982, 79, 7380–7384. [Google Scholar] [CrossRef] [PubMed]

	



Basler, K.; Struhl, G. Compartment boundaries and the control of Drosophila limb pattern by hedgehog protein. Nature 1994, 368, 208–214. [Google Scholar] [CrossRef] [PubMed]

	



Brook, W.J.; Cohen, S.M. Antagonistic interactions between wingless and decapentaplegic responsible for dorsal-ventral pattern in the Drosophila leg. Science 1996, 273, 1373–1377. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, J.; Struhl, G. Complementary and mutually exclusive activities of decapentaplegic and wingless organize axial patterning during Drosophila leg development. Cell 1996, 86, 401–409. [Google Scholar] [CrossRef]

	



Johnston, L.A.; Schubiger, G. Ectopic expression of wingless in imaginal discs interferes with decapentaplegic expression and alters cell determination. Development 1996, 122, 3519–3529. [Google Scholar] [PubMed]

	



Morimura, S.; Maves, L.; Chen, Y.; Hoffmann, F.M. Decapentaplegic overexpression affects Drosophila wing and leg imaginal disc development and wingless expression. Dev. Biol. 1996, 177, 136–151. [Google Scholar] [CrossRef] [PubMed]

	



Penton, A.; Hoffmann, F.M. Decapentaplegic restricts the domain of wingless during Drosophila limb patterning. Nature 1996, 382, 162–164. [Google Scholar] [CrossRef] [PubMed]

	



Theisen, H.; Haerry, T.E.; O’Connor, M.B.; Marsh, J.L. Developmental territories created by mutual antagonism between wingless and decapentaplegic. Development 1996, 122, 3939–3948. [Google Scholar] [PubMed]

	



Svendsen, P.C.; Formaz-Preston, A.; Leal, S.M.; Brook, W.J. The Tbx20 homologs midline and H15 specify ventral fate in the Drosophila melanogaster leg. Development 2009, 136, 2689–2693. [Google Scholar] [CrossRef] [PubMed]

	



Held, L.I., Jr.; Heup, M.A. Genetic mosaic analysis of decapentaplegic and wingless gene function in the Drosophila leg. Dev. Genes Evol. 1996, 206, 180–194. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, G.; Weaver, T.; Tomlinson, A. Axis specification in the developing Drosophila appendage: The role of wingless, decapentaplegic, and the homeobox gene aristaless. Cell 1993, 74, 1113–1123. [Google Scholar] [CrossRef]

	



Diaz-Benjumea, F.J.; Cohen, B.; Cohen, S.M. Cell interaction between compartments establishes the proximal-distal axis of Drosophila legs. Nature 1994, 372, 175–179. [Google Scholar] [CrossRef] [PubMed]

	



Lecuit, T.; Cohen, S.M. Proximal-distal axis formation in the Drosophila leg. Nature 1997, 388, 139–145. [Google Scholar] [CrossRef] [PubMed]

	



Estella, C.; Mann, R.S. Logic of wg and dpp induction of distal and medial fates in the Drosophila leg. Development 2008, 135, 627–636. [Google Scholar] [CrossRef] [PubMed]

	



Giorgianni, M.W.; Mann, R.S. Establishment of medial fates along the proximodistal axis of the Drosophila leg through direct activation of dachshund by Distalless. Dev. Cell 2011, 20, 455–468. [Google Scholar] [CrossRef] [PubMed]

	



Wu, J.; Cohen, S.M. Proximodistal axis formation in the Drosophila leg: Subdivision into proximal and distal domains by homothorax and distal-less. Development 1999, 126, 109–117. [Google Scholar] [PubMed]

	



Abu-Shaar, M.; Mann, R.S. Generation of multiple antagonistic domains along the proximodistal axis during Drosophila leg development. Development 1998, 125, 3821–3830. [Google Scholar] [PubMed]

	



Weihe, U.; Dorfman, R.; Wernet, M.F.; Cohen, S.M.; Milan, M. Proximodistal subdivision of Drosophila legs and wings: The elbow-no ocelli gene complex. Development 2004, 131, 767–774. [Google Scholar] [CrossRef] [PubMed]

	



Dong, P.D.; Chu, J.; Panganiban, G. Coexpression of the homeobox genes distal-less and homothorax determines Drosophila antennal identity. Development 2000, 127, 209–216. [Google Scholar] [PubMed]

	



Casares, F.; Mann, R.S. A dual role for homothorax in inhibiting wing blade development and specifying proximal wing identities in Drosophila. Development 2000, 127, 1499–1508. [Google Scholar] [PubMed]

	



Casares, F.; Mann, R.S. The ground state of the ventral appendage in Drosophila. Science 2001, 293, 1477–1480. [Google Scholar] [CrossRef] [PubMed]

	



Emerald, B.S.; Cohen, S.M. Spatial and temporal regulation of the homeotic selector gene antennapedia is required for the establishment of leg identity in Drosophila. Dev. Biol. 2004, 267, 462–472. [Google Scholar] [CrossRef] [PubMed]

	



Galindo, M.I.; Bishop, S.A.; Greig, S.; Couso, J.P. Leg patterning driven by proximal-distal interactions and EGFR signaling. Science 2002, 297, 256–259. [Google Scholar] [CrossRef] [PubMed]

	



Campbell, G. Distalization of the Drosophila leg by graded EGF-receptor activity. Nature 2002, 418, 781–785. [Google Scholar] [CrossRef] [PubMed]

	



Kojima, T. The mechanism of Drosophila leg development along the proximodistal axis. Dev. Growth Differ. 2004, 46, 115–129. [Google Scholar] [CrossRef] [PubMed]

	



Kojima, T. Developmental mechanism of the tarsus in insect legs. Curr. Opin. Insect Sci. 2017, 19, 36–42. [Google Scholar] [CrossRef] [PubMed]

	



Rauskolb, C. The establishment of segmentation in the Drosophila leg. Development 2001, 128, 4511–4521. [Google Scholar] [PubMed]

	



Cordoba, S.; Requena, D.; Jory, A.; Saiz, A.; Estella, C. The evolutionarily conserved transcription factor Sp1 controls appendage growth through notch signaling. Development 2016, 143, 3623–3631. [Google Scholar] [CrossRef] [PubMed]

	



De Celis, J.F.; Tyler, D.M.; de Celis, J.; Bray, S.J. Notch signalling mediates segmentation of the Drosophila leg. Development 1998, 125, 4617–4626. [Google Scholar] [PubMed]

	



Rauskolb, C.; Irvine, K.D. Notch-mediated segmentation and growth control of the Drosophila leg. Dev. Biol. 1999, 210, 339–350. [Google Scholar] [CrossRef] [PubMed]

	



Kerber, B.; Monge, I.; Mueller, M.; Mitchell, P.J.; Cohen, S.M. The AP-2 transcription factor is required for joint formation and cell survival in Drosophila leg development. Development 2001, 128, 1231–1238. [Google Scholar] [PubMed]

	



Mirth, C.; Akam, M. Joint development in the Drosophila leg: Cell movements and cell populations. Dev. Biol. 2002, 246, 391–406. [Google Scholar] [CrossRef] [PubMed]

	



Tajiri, R.; Misaki, K.; Yonemura, S.; Hayashi, S. Joint morphology in the insect leg: Evolutionary history inferred from Notch loss-of-function phenotypes in Drosophila. Development 2011, 138, 4621–4626. [Google Scholar] [CrossRef] [PubMed]

	



Hao, I.; Green, R.B.; Dunaevsky, O.; Lengyel, J.A.; Rauskolb, C. The odd-skipped family of zinc finger genes promotes Drosophila leg segmentation. Dev. Biol. 2003, 263, 282–295. [Google Scholar] [CrossRef] [PubMed]

	



Cordoba, S.; Estella, C. The bHLH-PAS transcription factor dysfusion regulates tarsal joint formation in response to notch activity during Drosophila leg development. PLoS Genet. 2014, 10, e1004621. [Google Scholar] [CrossRef] [PubMed]

	



Suzanne, M. Molecular and cellular mechanisms involved in leg joint morphogenesis. Semin. Cell Dev. Biol. 2016, 55, 131–138. [Google Scholar] [CrossRef] [PubMed]

	



Paul, L.; Wang, S.H.; Manivannan, S.N.; Bonanno, L.; Lewis, S.; Austin, C.L.; Simcox, A. Dpp-induced Egfr signaling triggers postembryonic wing development in Drosophila. Proc. Natl. Acad. Sci. USA 2013, 110, 5058–5063. [Google Scholar] [CrossRef] [PubMed]

	



Rafel, N.; Milan, M. Notch signalling coordinates tissue growth and wing fate specification in Drosophila. Development 2008, 135, 3995–4001. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.H.; Simcox, A.; Campbell, G. Dual role for Drosophila epidermal growth factor receptor signaling in early wing disc development. Genes Dev. 2000, 14, 2271–2276. [Google Scholar] [CrossRef] [PubMed]

	



Baonza, A.; Roch, F.; Martin-Blanco, E. Der signaling restricts the boundaries of the wing field during Drosophila development. Proc. Natl. Acad. Sci. USA 2000, 97, 7331–7335. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.; Sebring, A.; Esch, J.J.; Kraus, M.E.; Vorwerk, K.; Magee, J.; Carroll, S.B. Integration of positional signals and regulation of wing formation and identity by Drosophila vestigial gene. Nature 1996, 382, 133–138. [Google Scholar] [CrossRef] [PubMed]

	



Azpiazu, N.; Morata, G. Function and regulation of homothorax in the wing imaginal disc of Drosophila. Development 2000, 127, 2685–2693. [Google Scholar] [PubMed]

	



Zirin, J.D.; Mann, R.S. Differing strategies for the establishment and maintenance of teashirt and homothorax repression in the Drosophila wing. Development 2004, 131, 5683–5693. [Google Scholar] [CrossRef] [PubMed]

	



Wu, J.; Cohen, S.M. Repression of teashirt marks the initiation of wing development. Development 2002, 129, 2411–2418. [Google Scholar] [PubMed]

	



Blair, S.S.; Brower, D.L.; Thomas, J.B.; Zavortink, M. The role of apterous in the control of dorsoventral compartmentalization and ps integrin gene expression in the developing wing of Drosophila. Development 1994, 120, 1805–1815. [Google Scholar] [PubMed]

	



Diaz-Benjumea, F.J.; Cohen, S.M. Interaction between dorsal and ventral cells in the imaginal disc directs wing development in Drosophila. Cell 1993, 75, 741–752. [Google Scholar] [CrossRef]

	



Cohen, B.; McGuffin, M.E.; Pfeifle, C.; Segal, D.; Cohen, S.M. Apterous, a gene required for imaginal disc development in Drosophila encodes a member of the LIM family of developmental regulatory proteins. Genes Dev. 1992, 6, 715–729. [Google Scholar] [CrossRef] [PubMed]

	



Couso, J.P.; Knust, E.; Martinez Arias, A. Serrate and wingless cooperate to induce vestigial gene expression and wing formation in Drosophila. Curr. Biol. 1995, 5, 1437–1448. [Google Scholar] [CrossRef]

	



Klein, T.; Arias, A.M. Different spatial and temporal interactions between notch, wingless, and vestigial specify proximal and distal pattern elements of the wing in Drosophila. Dev. Biol. 1998, 194, 196–212. [Google Scholar] [CrossRef] [PubMed]

	



Klein, T.; Arias, A.M. Interactions among delta, serrate and fringe modulate notch activity during Drosophila wing development. Development 1998, 125, 2951–2962. [Google Scholar] [PubMed]

	



Letizia, A.; Barrio, R.; Campuzano, S. Antagonistic and cooperative actions of the EGFR and Dpp pathways on the iroquois genes regulate Drosophila mesothorax specification and patterning. Development 2007, 134, 1337–1346. [Google Scholar] [CrossRef] [PubMed]

	



Zecca, M.; Struhl, G. Subdivision of the Drosophila wing imaginal disc by EGFR-mediated signaling. Development 2002, 129, 1357–1368. [Google Scholar] [PubMed]

	



Zecca, M.; Struhl, G. Control of growth and patterning of the Drosophila wing imaginal disc by EGFR-mediated signaling. Development 2002, 129, 1369–1376. [Google Scholar] [PubMed]

	



Cavodeassi, F.; Rodriguez, I.; Modolell, J. Dpp signalling is a key effector of the wing-body wall subdivision of the Drosophila mesothorax. Development 2002, 129, 3815–3823. [Google Scholar] [PubMed]

	



Calleja, M.; Herranz, H.; Estella, C.; Casal, J.; Lawrence, P.; Simpson, P.; Morata, G. Generation of medial and lateral dorsal body domains by the pannier gene of Drosophila. Development 2000, 127, 3971–3980. [Google Scholar] [PubMed]

	



Minami, M.; Kinoshita, N.; Kamoshida, Y.; Tanimoto, H.; Tabata, T. Brinker is a target of dpp in Drosophila that negatively regulates Dpp-dependent genes. Nature 1999, 398, 242–246. [Google Scholar] [CrossRef] [PubMed]

	



Jazwinska, A.; Kirov, N.; Wieschaus, E.; Roth, S.; Rushlow, C. The Drosophila gene brinker reveals a novel mechanism of Dpp target gene regulation. Cell 1999, 96, 563–573. [Google Scholar] [CrossRef]

	



Campbell, G.; Tomlinson, A. Transducing the Dpp morphogen gradient in the wing of Drosophila: Regulation of Dpp targets by brinker. Cell 1999, 96, 553–562. [Google Scholar] [CrossRef]

	



Blair, S.S. Wing vein patterning in Drosophila and the analysis of intercellular signaling. Annu. Rev. Cell Dev. Biol. 2007, 23, 293–319. [Google Scholar] [CrossRef] [PubMed]

	



De Celis, J.F. Pattern formation in the Drosophila wing: The development of the veins. BioEssays 2003, 25, 443–451. [Google Scholar] [CrossRef] [PubMed]

	



Schneuwly, S.; Klemenz, R.; Gehring, W.J. Redesigning the body plan of Drosophila by ectopic expression of the homoeotic gene antennapedia. Nature 1987, 325, 816–818. [Google Scholar] [CrossRef] [PubMed]

	



Postlethwait, J.H.; Schneiderman, H.A. Pattern formation and determination in the antenna of the homoeotic mutant antennapedia of Drosophila melanogaster. Dev. Biol. 1971, 25, 606–640. [Google Scholar] [CrossRef]

	



Kumar, J.P.; Moses, K. EGF receptor and notch signaling act upstream of Eyeless/Pax6 to control eye specification. Cell 2001, 104, 687–697. [Google Scholar] [CrossRef]

	



Kenyon, K.L.; Ranade, S.S.; Curtiss, J.; Mlodzik, M.; Pignoni, F. Coordinating proliferation and tissue specification to promote regional identity in the Drosophila head. Dev. Cell 2003, 5, 403–414. [Google Scholar] [CrossRef]

	



Wang, C.W.; Sun, Y.H. Segregation of eye and antenna fates maintained by mutual antagonism in Drosophila. Development 2012, 139, 3413–3421. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, J.P.; Moses, K. Eye specification in Drosophila: Perspectives and implications. Semin. Cell Dev. Biol. 2001, 12, 469–474. [Google Scholar] [CrossRef] [PubMed]

	



Bryant, P.J. Determination and pattern formation in the imaginal discs of Drosophila. Curr. Top. Dev. Biol. 1974, 8, 41–80. [Google Scholar] [PubMed]

	



Morata, G.; Lawrence, P.A. Development of the eye-antenna imaginal disc of Drosophila. Dev. Biol. 1979, 70, 355–371. [Google Scholar] [CrossRef]

	



Cho, K.O.; Chern, J.; Izaddoost, S.; Choi, K.W. Novel signaling from the peripodial membrane is essential for eye disc patterning in Drosophila. Cell 2000, 103, 331–342. [Google Scholar] [CrossRef]

	



Baonza, A.; Freeman, M. Control of Drosophila eye specification by wingless signalling. Development 2002, 129, 5313–5322. [Google Scholar] [CrossRef] [PubMed]

	



Dominguez, M.; Casares, F. Organ specification-growth control connection: New in-sights from the Drosophila eye-antennal disc. Dev. Dyn. 2005, 232, 673–684. [Google Scholar] [CrossRef] [PubMed]

	



Dong, P.D.; Chu, J.; Panganiban, G. Proximodistal domain specification and interactions in developing Drosophila appendages. Development 2001, 128, 2365–2372. [Google Scholar] [PubMed]

	



Dong, P.D.; Dicks, J.S.; Panganiban, G. Distal-less and homothorax regulate multiple targets to pattern the Drosophila antenna. Development 2002, 129, 1967–1974. [Google Scholar] [PubMed]

	



Casares, F.; Mann, R.S. Control of antennal versus leg development in Drosophila. Nature 1998, 392, 723–726. [Google Scholar] [CrossRef] [PubMed]

	



Duncan, D.; Kiefel, P.; Duncan, I. Control of the spineless antennal enhancer: Direct repression of antennal target genes by antennapedia. Dev. Biol. 2010, 347, 82–91. [Google Scholar] [CrossRef] [PubMed]

	



Suzanne, M.; Estella, C.; Calleja, M.; Sanchez-Herrero, E. The hernandez and fernandez genes of Drosophila specify eye and antenna. Dev. Biol. 2003, 260, 465–483. [Google Scholar] [CrossRef]

	



Emerald, B.S.; Curtiss, J.; Mlodzik, M.; Cohen, S.M. Distal antenna and distal antenna related encode nuclear proteins containing pipsqueak motifs involved in antenna development in Drosophila. Development 2003, 130, 1171–1180. [Google Scholar] [CrossRef] [PubMed]








[image: Jdb 06 00017 g001 550] 





Figure 1. Specification of the thoracic appendages. (A) Cartoon showing three representative stages of Drosophila embryogenesis and the sequential appearance of the thoracic primordia (TP, red circle), the ventral primordia (VP, red circle) and the dorsal primordia (DP, green circle). Below is presented a schematic representation of the second thoracic segment where the expression of TP-, DP-, and VP-specific genes is related to the Wg and Dpp signaling pathways. Note that the DP originates from two populations of cells: one within the TP (drawn in yellow) and another one dorsal to the TP; (B) Genetic inputs that control appendage specification when Dll is first activated (stage 10–11) and during activation of the DP gene sna (stage 12 onwards). (C) Schematic representation of the DP and VP and the imaginal discs and adult structures that they will give rise to (wing and leg, respectively). The subdivision of the wing and leg imaginal discs in the body wall and appendage territories is also shown. 
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Figure 2. Patterning of the Drosophila leg. (A) Overview of the proximo-distal (P-D) and dorso-ventral (D-V) axes formation during leg development. The restricted expression of dpp and wg in the dorsal and ventral halves of the leg disc is required to initiate and to pattern the P-D and D-V axes. The first two leg imaginal discs from the left correspond to early second instar discs, while the rest depict third instar leg discs. Some of the genetic interactions that lead to the leg patterning are indicated. (B) The ‘genetic code’ generated by the expression of several transcription factors specify the future segments of the adult leg along the P-D axis. The expression of the Notch ligands Dl and Ser, and the activation of the Notch pathway and its target genes is necessary for the formation of the joints that separate the adjacent segments of the leg. 
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Figure 3. Patterning of the Drosophila wing. Three representative stages of wing disc development are depicted. The signals and genes that direct the specification and patterning of the appendage (wing) versus the body wall are illustrated above. The activity of the EGFR pathway promotes body wall identity while repressing wing fates. Notch induces the growth of the wing disc, which separates the source of the Wg and EGFR pathways and allows the specification of the wing field by Wg and the activation of wing promoting genes. Below are shown the expressions of the Dpp and Wg pathways in a third instar disc and the relative position of the Dpp target genes sal, omb, and brk. 
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Figure 4. Specification and patterning of the Drosophila antenna. (A) Model of progressive specification of the eye and antenna territories and P-D subdivision of the antenna disc. Schematic representation of three representative stages of EAD development is shown. In each disc the expression and interactions of genes and signaling pathways required for eye and antenna field specification are schematized. (B) The antenna and leg appendages are homologous structures. Arrows indicate the correspondence between the antenna and leg domains (Postlethwait and Schneiderman, 1971). The expression of the P-D genes Dll, dac, and hth and their overlapping domains are represented by a color code. Compare the relative expression of Dll, dac, and hth in the antenna and the leg imaginal discs. Note that hth and Dll coexpress in a large domain in the antenna while in the leg these genes are expressed in almost exclusive domains. 
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