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Abstract 20 

Animal behavior is guided by the brain. Therefore, adaptations of brain structure and function are 21 

essential for animal survival, and each species differs in such adaptations. The brain of one 22 

individual may even differ between life stages, for instance as adaptation to the divergent needs of 23 

larval and adult life of holometabolous insects. All such differences emerge during development 24 

but the cellular mechanisms behind the diversification of brains between taxa and life stages 25 

remain enigmatic. In this study, we investigated holometabolous insects, where larvae differ 26 

dramatically from the adult in both behavior and morphology. As consequence, the central 27 

complex, mainly responsible for spatial orientation, is conserved between species at the adult 28 

stage, but differs between larvae and adults as well as between larvae of different taxa. We used 29 

genome editing and established transgenic lines to visualize cells expressing the conserved 30 

transcription factor retinal homeobox, thereby marking homologous genetic neural lineages in both 31 

the fly Drosophila melanogaster and the beetle Tribolium castaneum. This approach allowed us for 32 

the first time to compare the development of homologous neural cells between taxa from embryo 33 

to the adult. We found complex heterochronic changes including shifts of developmental events 34 

between embryonic and pupal stages. Further, we provide, to our knowledge, the first example of 35 

sequence heterochrony in brain development, where certain developmental steps changed their 36 

position within the ontogenetic progression. We show that through this sequence heterochrony, an 37 

immature developmental stage of the central complex gains functionality in Tribolium larvae. We 38 

discuss the bearing of our results on the evolution of holometabolous larval central complexes by 39 

regression to a form present in an ancestor.  40 
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Introduction 41 

The brain is among the most complex organs of an animal, where sensory inputs and internal 42 

states are processed to guide its behavior. Hence, modifications of brain structure and function in 43 

response to specific requirements imposed by different life strategies and environmental 44 

conditions is paramount for each species’ adaptation. Insects represent one of the most diverse 45 

animal clades and they have conquered almost every habitat on earth (1–3). Indeed, based on the 46 

highly conserved basic bauplan within the insect clade, brains have diversified significantly in size, 47 

shape and position of their functional brain units, the neuropils (4–9). For instance, the mushroom 48 

bodies required for olfactory learning and memory are enlarged in bees, antennal lobes are 49 

reduced in aquatic beetles and the size of the optic lobes is increased in species that navigate in 50 

complex environments (9,13–17). In holometabolous insects, where larval stages often differ from 51 

the adult in life strategy and habitat, evolutionary adaptation imposes different brain morphologies 52 

even on successive life stages of one individual (18–20). Divergent brain morphologies emerge 53 

during embryonic and postembryonic ontogeny and, hence, any evolutionary modification depends 54 

on a modification of developmental mechanisms. Basic developmental processes appear to be 55 

conserved, reflecting the conserved basic architecture of the brain. Homology of neuroblasts and 56 

the resulting neurons is assumed (21–23) such that neuroblasts form conserved lineages. Based on 57 

this conserved process, evolution of developmental mechanisms is expected to act rather on 58 

details like the number of daugther cells formed, truncation of development and modification of 59 

lineage parts. 60 

The low number of neural cells in insect brains compared to e.g. vertebrates, its basis of 61 

conserved lineages building up the brain, together with their experimental accessibility, makes 62 

insects an excellent choice to study the mechanisms of brain diversification during development. 63 

Despite the brain’s central role in insect evolution and the clade’s suitability to uncover underlying 64 

patterns, developmental mechanisms of brain diversification remain poorly studied.  65 
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Recent technical advances open the possibility to study such modifications of developmental 66 

mechanisms, both, in the classic model organism Drosophila melanogaster in order to pioneer the 67 

conceptual framework of neural development, and in other insects in order to reveal conserved 68 

and divergent aspects. The red flour beetle Tribolium castaneum is spearheading comparative 69 

functional work in neurogenesis due to its well-developed genetic toolkit and recent advances in 70 

neurobiological methods (24–38). Hence, establishing similar tools in Drosophila and Tribolium 71 

helps unravelling the developmental mechanisms of insect brain evolution through comparative 72 

developmental studies. 73 

An intriguing evolutionary divergence in morphology of the developing brain   ̶ and therefore a 74 

suitable target for a Drosophila  ̶Tribolium comparison  ̶  was found with respect to the central 75 

complex. The central complex is a neuropil that integrates multisensory information and acts 76 

predominantly as spatial orientation and locomotor control center (39–41). Related neuropils have 77 

been found in Crustaceans and Myriapods and it has even been further homologized to the 78 

vertebrate basal ganglia, while the homology of the central complex to the arcuate body of spiders 79 

is still discussed (42–46). In adult insects, the central complex is highly conserved consisting of a set 80 

of midline-spanning neuropils, the protocerebral bridge (PB), the central body (CB) consisting of an 81 

upper (CBU, or fan-shaped body, FB) and lower division (CBL, or ellipsoid body, EB) and the noduli 82 

(NO) with stereotypical patterns of innervation (Fig. 1A) (40,47–49).  83 

In hemimetabolous insects, all neuropils develop during embryogenesis and already the 84 

hatchling has an adult-like central complex (50–52). By contrast, in holometabolous insects, the 85 

central complex forms partly during embryogenesis and is completed only during metamorphosis. 86 

In the tenebrionid beetles Tenebrio molitor and Tribolium castaneum, for instance, the larval 87 

central body consists of only one division, which was suggested to represent the upper division. 88 

The lower division was proposed to develop later during pupal stages (20,33,53). In Drosophila, no 89 

functional central complex neuropils are detectable in the first instar larvae. At that stage, the 90 

central complex anlagen consist of commissural tracts lacking neuropil morphology and 91 
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characteristics of functionality, i.e. synapses and neuromodulator presence (54,55). Only during 92 

late larval stages and metamorphosis, the central complex matures into the adult form (55–57). 93 

This divergent emergence of the CBU in different species is thought to correlate with the 94 

development of walking legs while the presence of the CBL may be linked to the formation of 95 

complex eyes (7,51,52,58). Intriguingly, the development at least of the upper division appears to 96 

be quite similar between the hemimetabolan desert locust Schistocerca gregaria and the fly 97 

Drosophila melanogaster albeit similar developmental steps occur at different stages (59).  98 

This phenomenon represents a case of heterochrony (60,61). Different definitions of this term 99 

have been proposed (62,63). We use the term heterochrony to describe a change in developmental 100 

timing of a process in one taxon compared to other taxa. Such differences can be found with 101 

respect to development of shape, size and the time of maturation (60,64) but also changes in the 102 

order of events within a developmental sequence can be interpreted in the framework of 103 

heterochrony (sequence heterochrony) (65–67). Heterochrony has strong influence on evolution: 104 

For instance, the accelerated frequency of somite formation in snakes contributes to their 105 

increased number of segments (68). Another example is the heterochronic extension of the growth 106 

phase of the postnatal infant human brain compared to other primates, leading to a relative 107 

increase of final brain size (60,69–71). The influence of heterochrony on insect brain evolution has 108 

not been thoroughly studied. Specifically, the observation of heterochrony in the central complex 109 

lacks detail because it is based on overall neuropil shape at two stages rather than a thorough 110 

comparison throughout development. 111 

The central complex of the adult insect consists mainly of columnar and tangential neurons 112 

(49,52). Tangential neurons connect other brain areas with one central complex neuropil (Fig. 1A) 113 

(52,72–74). In contrast, columnar neurons connect the different neuropils of the central complex 114 

with each other by projecting as four prominent tracts (the WXYZ tracts) from the protocerebral 115 

bridge into CBU, CBL, noduli and other brain structures (Fig. 1A) (47,49,75–78). These neurons are 116 
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required for the formation of the typical columnar architecture of the central body and 117 

protocerebral bridge (47,52,75,79). 118 

 119 

 120 

Fig. 1: Structure and development of the central complex, and relationship of neuraxis to body axes. 121 

(A) Tangential neurons (dark grey) connect neuropils of the central complex with other areas. Columnar 122 

neurons (coloured) connect the different neuropils of the central complex with each other. Nearly all 123 

columnar neurons derive from four type II neuroblasts, DM1-4 (green, light-blue, dark-blue, orange) that 124 

project through WXYZ tracts. (B) Central complex development starts with the neurons of the DM1-4 lineage 125 

projecting into an anterior commissure (ac) (hatched lines in Bi) where they cross the midline and build up a 126 

stack of parallel fibers. Later-born neurons (solid lines in Bii) undergo fascicle switching, i.e. they leave the 127 

fascicle at stereotypical locations and re-enter a fascicle of a posterior commissure (pc) forming X-shaped 128 

crossings with neurons from the contralateral side (called decussations) (Bii). Decussations occur at different 129 

points subdividing the future central body into columns (Biii). PB omitted for simplicity; based on (75,80,81). 130 
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(C) The Drosophila (Ci) and Tribolium (Cii) brains differ in their orientation within the head (lateral views). 131 

While the Drosophila brain is oriented perpendicular to the ventral nerve cord, the Tribolium brain is tilted 132 

backwards. This leads to discrepancies when using the body axis as reference. For instance, the AL is anterior 133 

in Drosophila, while it is more dorsal in Tribolium. Similarly, the PB is posterior in Drosophila but rather 134 

ventral in Tribolium. To facilitate cross-species comparisons, we use the neuraxis nomenclature as suggested 135 

by (82). In this system, the AL are n-ventral (NV) and the PB n-dorsal in both species. Shapes of brains are 136 

based on v2.virtualflybrain.org/ and data from this study, while the shape of the Tribolium GNG is from (83). 137 

Information about cell innervation in A was taken from (72,76,84). Abbreviations: AL antennal lobes, PB 138 

protocerebral bridge, CB central body, CBU upper division of the CB, CBL lower division of the CB, NO noduli, 139 

MB mushroom body (excluding CA), CA calyx, n neuraxis-referring, D dorsal, A anterior, V ventral, P posterior, 140 

GNG gnathal ganglia, DM dorso-medial, ac anterior commissure, pc posterior commissure. 141 

 142 

Important work in Schistocerca gregaria and Drosophila melanogaster revealed how such a 143 

complex innervation architecture is achieved during development (21,50,54,55,59,85,86). 144 

Specifically, the development of columnar neurons has been studied in detail: They stem from four 145 

neural lineages per hemisphere (Fig. 1A-B), called DM1-4 (alternative names in Drosophila: 146 

DPMm1, DPMpm1, DPMpm2, CM4 or in Schistocerca: ZYXW) (79,87,88). The respective neural 147 

stem cells (neuroblasts) are situated in the anterior-median brain close to the protocerebral bridge 148 

between brain hemispheres, i.e. in the pars intercerebralis. These lineages are built by type II 149 

neuroblasts, which generate approximately four times more cells than type I lineages 150 

(55,80,87,89,90). The neurites of these lineages first project ipsilaterally through the WXYZ tracts 151 

from the protocerebral bridge to the central body, where they turn and cross the midline forming a 152 

stack of parallel fibers (Fig. 1Bi). Subsequent neurites leave the fascicle (de-fasciculation) and enter 153 

another fascicle of the brain commissure (re-fasciculation) to continue their growth to the other 154 

side of the brain, a process referred to as fascicle switching (81,91). This happens at several 155 

stereotypical points along the commissure and symmetrically on both sides, such that neurites 156 

cross each other forming X-shaped crossings, which are called decussations (see (7) for distinction 157 
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between ‘decussation’ and ‘chiasma’) (Fig. 1Bii-Biii). These decussations are the developmental basis 158 

for the typical columnar architecture particularly of the CBU (Fig 1Biii). 159 

Studying such developmental processes of the central complex comparatively has been 160 

hampered by the lack of tools to mark homologous cells in two species. The elaborate toolkit of 161 

Drosophila for individual neural cell marking is not within reach in other organisms (92,93) and 162 

even in Drosophila it has been challenging to mark neural lineages from embryonic neuroblast to 163 

the neurons of the adult brain. Recently, we suggested to compare homologous cells in different 164 

taxa by marking what we called genetic neural lineages, i.e. cells that express the same conserved 165 

transcription factor (33). Essentially, this approach assumes that transcription factors with 166 

conserved expression in the neuroectoderm and the brains of most bilateria are likely to mark 167 

homologous cells in closely related taxa throughout development. It should be noted, however, 168 

that the actual identity of a given neuroblast lineage is not determined by a single transcription 169 

factor but by a cocktail of several factors (94). Hence, genetic neural lineages may contain cells of 170 

several bona fide neural lineages. Genetic neural lineages can be labelled either by classic enhancer 171 

trapping, or a targeted genome editing approach, both available in Tribolium (28,95). 172 

In this study, we mark the retinal homeobox (rx) genetic neural lineage in both the red flour 173 

beetle Tribolium castaneum and the vinegar fly Drosophila melanogaster by antibodies and 174 

transgenic lines. We confirm the marking of homologous cells and subsequently scrutinize their 175 

embryonic and postembryonic development. We found a complex pattern of heterochrony 176 

underlying differentiation between larval and adult brains including the shift of certain 177 

developmental events between life stages. Intriguingly, we found that the order of developmental 178 

steps was changed, representing a case of sequence heterochrony, which to our knowledge had not 179 

been observed in the evolution of brain development before. As consequence, the larval central 180 

body of Tribolium represents an immature developmental stage, which gained functionality 181 

precociously. Apparently, central complex functionality does not require the full connectivity as 182 

observed in adult brains.  183 
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Results 184 

Marking the rx genetic neural lineage in two species 185 

To compare central complex development between two species, we wanted to mark a subset 186 

of homologous neurons that contribute to the central complex. For this purpose, we decided to use 187 

the retinal homeobox (rx) genetic neural lineage for three reasons: First, rx is one of the genes that 188 

is expressed almost exclusively in the anterior brain in bilaterians indicating a highly conserved 189 

function in many animals (96–104). Second, we had found projections into the central complex in a 190 

Tribolium rx enhancer trap line and a small subset of central complex projections in Drosophila rx 191 

VT-GAL4 lines (VDRC, # 220018, # 220016, discarded) (105,106). Third, central complex phenotypes 192 

were observed in both Drosophila and Tribolium in a Dm-rx mutant and Tc-rx RNAi knock-down, 193 

respectively, indicating an essential role in central complex development (98,107).  194 

To mark rx genetic neural lineages, we first generated and validated an antibody binding the 195 

Tribolium Rx protein (Tc-Rx, TC009911) (Fig. S1) and used an available Drosophila Rx (Dm-Rx, 196 

CG10052) antibody (98). Next, we tested an enhancer trap in the Tc-rx locus (E01101; Tc-rx-EGFP 197 

line) (95) and confirmed co-expression of EGFP with Tc-Rx (Fig. S2). The enhancer trap marked a 198 

subset of 5-10 % of all Tc-Rx-positive cells in the adult and all EGFP-positive cells were Tc-Rx-199 

positive as well (Fig. S2). For Drosophila, we generated an imaging line using CRISPR/Cas9 mediated 200 

homology-directed repair (Fig. S3). We replaced the stop codon of the endogenous rx locus with a 201 

P2A peptide sequence followed by an EGFP coding sequence (28,108,109). The resulting bicistronic 202 

mRNA led to translation of non-fused Dm-Rx and EGFP proteins (Dm-rx-EGFP; Fig. S3), and so, our 203 

analysis revealed complete co-expression of Dm-Rx and EGFP. Based on both antibodies and 204 

transgenic lines we tested the labelled cells for homology. 205 

 206 

Similar location of rx-positive neural cell groups in both species 207 

To get an overview on the conservation of Rx expression between Drosophila and Tribolium, we 208 

first compared the location of Rx-positive cells in adult brains and embryos. Note that the axes of 209 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 20, 2019. ; https://doi.org/10.1101/2019.12.20.883900doi: bioRxiv preprint 

https://doi.org/10.1101/2019.12.20.883900
http://creativecommons.org/licenses/by-nc-nd/4.0/


- 10 - 

the brain relative to the body axes are not conserved in insects. Therefore, we describe the location 210 

according to the ‘neuraxis’ for both species, where ‘Drosophila posterior’ becomes neuraxis-dorsal 211 

(n-dorsal) while ‘Drosophila dorsal’ equals neuraxis-anterior (n-anterior) (see explanation in Fig. 212 

1C). We found four major domains of Rx-positive cells (I-IV) located in similar regions in both 213 

species (Fig. 2A-B; see stacks and videos of all projections shown in this paper on figshare: 214 

figshare.com/account/home#/projects/64799). Specifically, cells of cluster IV surrounded the 215 

protocerebral bridge in both species in a pattern similar to DM1-4 lineages. In embryos of both 216 

species, Rx was expressed in the labrum (arrowheads in Fig. 2C-D) as well as in corresponding 217 

regions of the anterior-lateral part of the neuroectoderm (arrows in Fig. 2C-D).  218 

 219 

 220 

Fig. 2: Rx expression is conserved in Drosophila and Tribolium adult brains and embryos. (A-B) 221 

Immunostainings against Rx and synapsin in both species revealed four domains of Rx-positive cells (I-IV, 222 

dotted white lines) with similar shape and position within the brain. Shown are n-ventral (i) and n-dorsal 223 
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views (ii) (Fig. S4). (C-D) In Drosophila (S14) and Tribolium (NS11) embryos Rx was expressed in the labrum 224 

(arrowhead) and in similar regions of the lateral head neuroectoderm (arrows). In addition, single cells of the 225 

peripheral nervous system and ventral nerve cord were labelled in each segment (asterisk; Fig. S1). Note that 226 

the head lobes of Tribolium embryos are shown as flat preparations while the Drosophila head was imaged 227 

within the egg. According to the bend and zipper model of head morphogenesis, the expression patterns are 228 

very similar (110). Abbreviations like in Fig. 1. Scale bars represent 100 µm. 229 

 230 

Next, we asked to which lineages these domains of the adult brain belong. To this end, we 231 

related Rx-positive cell groups to maps of neural lineages of the Drosophila brain (111,112) and 232 

tentatively transferred the nomenclature to Tribolium (Fig. S4). For this, we also included 233 

prominent projections of Rx-positive cells marked by the transgenic lines, to substantiate our 234 

assignments (Figs. S2-4). Rx-positive cell groups likely belonged to eleven neural lineages (Fig. S4, 235 

Table S1 and Supporting Results). Four of these (DM1-4) were prominently marked in the imaging 236 

lines of both species. Because DM1-4 are known to contribute to the central complex we focused 237 

on the comparison of Rx-positive cell clusters of these lineages. 238 

 239 

Central complex Rx-positive cell clusters are homologous between Drosophila and Tribolium 240 

To corroborate the homology of Rx-positive DM1-4 neurons, we examined the location and 241 

projection pattern of these cell clusters in detail. We indeed found similar cell body locations 242 

around the protocerebral bridge (Fig. 3A-B) and similar projection patterns into the CBU (Fig. 3C-D), 243 

CBL and noduli (Fig. 3E-F) in both species. The similarity relative to central complex neuropils was 244 

visualized in 3D reconstructions (Fig. 3G-H, see videos on Figshare) and allowed us to define 245 

homologous cell clusters. Given the lack of a detailed map and homology assessments for the 246 

Tribolium brain, we assigned the fiber bundles MEF, dlrCBU and mrCBU (dlrFB, mrFB, see e.g. (54)) 247 

based on their similarity to the Drosophila brain and the novel lineage information gained in this 248 

study (Fig. S4, Supporting Results). Specifically, in both species, DM4 cell bodies lay around the 249 

lateral tip of the protocerebral bridge and their axons projected through the medial equatorial 250 
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fascicle (MEF) (orange in Fig. 3). Cell bodies of DM2/3 (light and dark blue, respectively, in Fig. 3) 251 

were close to each other at the n-anterior bend of the protocerebral bridge. Their axons projected 252 

into distinct tracts through the dorsal root of the CBU (dlrCBU). DM1 cell bodies (green in Fig. 3) lay 253 

near the midline and their axons projected through the medial root of the CBU (mrCBU). 254 

Our classification of these Rx expressing cell clusters to lineages DM1-4 was corroborated in 255 

Drosophila by Rx immunostainings in the R45F08-GAL4 line, a pointed GAL4 enhancer construct 256 

that was suggested to label a large subset of neurons of the DM1-3 and 6 lineages (55). Moreover, 257 

we crossed the Dm-rx-EGFP line to the R45F08-GAL4 line. We found that approximately 90 % of 258 

R45F08-GAL4 marked cells also expressed Rx (Fig. S5A-B). In addition, a substantial part of the 259 

midline projections overlapped between both transgenic lines (Fig. S5C). 260 

Note that the Dm-rx-EGFP line marked all Dm-Rx-positive cells while the Tc-rx-EGFP line marked 261 

only a subset of Rx-positive cell bodies (Figs. S2 vs. S3). This resulted in more prominently marked 262 

tracts in Drosophila compared to Tribolium. However, during development, the number of EGFP-263 

positive DM1-4 cells increased in Tribolium resulting in thicker projections (Fig. S2). Especially, the 264 

Tribolium DM4 Rx expressing group showed a very high EGFP expression, such that the respective 265 

projections into the CBU, noduli and CBL as well as the connections to the lateral accessory lobes 266 

appeared much stronger than in Drosophila (Fig. 3 B/D/Fi). This divergence of intensity was likely a 267 

particularity of the Tribolium enhancer trap. 268 

 269 
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 270 

Fig. 3: Homologous Rx cell clusters contribute to the adult central complex columnar neurons of lineages 271 

DM1-4. A to F depict substacks of Drosophila (left columns) and Tribolium (right columns) adult brains on 272 
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which the 3D reconstructions in G and H are based. Homology of cell clusters and DM1-4 lineages was based 273 

on three criteria: Rx expression (i.e. being part of the rx genetic neural lineage), similar cell body location and 274 

similar projection patterns. (A-B) Cell groups of lineages DM1-4 (coloured areas) around the protocerebral 275 

bridge (yellow dotted lines) are shown for Drosophila (A) and Tribolium (B). (C-D) Projection pattern of GFP 276 

expressing neurites of these cell groups in the CBU and NO fraction. (E-F) Much less signal was found in the 277 

CBL fraction. Note that the Tribolium DM4 group had a very high GFP expression level, such that those 278 

projections were particularly visible in the CBL (see Figs. S2-3 for transgenic line information). (G-H) 3D 279 

reconstructions of synapsin staining (grey-transparent) and the EGFP marked cells of DM1-4 lineages. Gi/Hi 280 

depicts the n-dorsal view shown in A-F. Gii/Hii is rotated to an n-posterior view with the central complex 281 

coming to the front to judge similarity of the tract architecture. Similar stereotypical positions were found in 282 

both species for DM1 (green), DM2/3 (blue shades – sharing a fiber bundle) and DM4 (orange). Due to the 283 

large number of labelled cells within the CB, the projections could not be followed further. GFP channels (i) 284 

are maximum intensity projections, while synapsin channels (ii) are SMEs (113). Abbreviations as in Fig. 1. 285 

dlrCBU dorsal root of the CBU (synonym: dlrFB), mrCBU medial root of the CBU (mrFB), MEF medial 286 

equatorial fascicle. Scale bars represent 25 µm and apply to all panels of each species. 287 

 288 

In summary, we assume homology of the Rx-positive cells of the DM1-4 lineages of Drosophila and 289 

Tribolium based on the shared expression of a highly conserved brain regulator and the specific 290 

similarity of cell body location of the DM1-4 lineages relative to the protocerebral bridge and their 291 

similar projection patterns in adult brains. Note that rx is expressed in most but probably not all 292 

cells of the DM1-4 lineages and in addition is expressed in cells contributing to other brain regions 293 

like the mushroom bodies, which were not examined here. The DM1-4 lineages are key 294 

components of the central complex, providing nearly all columnar neurons (54,59,114). Therefore, 295 

the rx genetic neural lineage is an excellent marker to compare central complex development 296 

between fly and beetle. 297 

 298 
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Divergent central complex structures in the L1 larva of Drosophila and Tribolium 299 

Next, we examined central complex structures in the first instar larval (L1) brain of both species, 300 

since the strongest divergence between Drosophila and Tribolium seemed to occur at the larval 301 

stage. Here, tenebrionid beetle larvae have a partial central complex neuropil already at the larval 302 

stage (20,33) while in Drosophila L1 larvae any central complex neuropil is missing (54). Our 303 

imaging lines allowed us to compare DM1-4 innervation and resulting central complex structures at 304 

the L1 stage of both species complemented by synapsin and acetylated α-tubulin staining (115) to 305 

reveal functionality and underlying tract architecture, respectively (Fig. 4). 306 

The position of the brains within the L1 larva differs between the species, which has to be 307 

considered when comparing them (see scheme in Fig. 4A-D). As previously described (54), we 308 

found no functional (i.e. synapsin-positive) central complex neuropil in Drosophila L1 (neither 309 

protocerebral bridge, central body nor noduli; Fig. 4Eii,Gii). In Tribolium, in contrast, we observed a 310 

protocerebral bridge, which in synapsin stainings was non-fused (Fig. 4Fii). Further, we found a 311 

larval central body (lvCB), which showed no morphological sign of subdivision into upper or lower 312 

division (Fig. 4Hii). Moreover, neither neuropil displayed a columnar structure in anti-synapsin or 313 

anti-GFP stainings (Fig. 4Fii/H). Hence, the lvCB appeared as a simple bar-shaped neuropil. 314 

The analysis of Rx expressing DM1-4 cells in Drosophila revealed that the spatial arrangement 315 

of marked cell bodies and their projections in the L1 differed from the adult (Fig. 4Ei – compare to 316 

Fig. 3A). The cell clusters differed both, in their position within the brain and with respect to each 317 

other. To correctly assign their identities to DM1-4 despite such divergence, we used their 318 

projections across the midline as hint and compared the location of the marked cell bodies with 319 

recent lineage classifications based on EM data (54). Most strikingly, the cell bodies of the DM2/3 320 

lineages were not yet located between DM1 and DM4 (Fig. 4Ei/Ki). In Tribolium, in contrast, the 321 

DM1-4 cell clusters had an arrangement along the larval protocerebral bridge like the adult 322 

situation (Fig. 4Fi/Li). 323 
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The projection patterns of the rx-positive DM1-4 lineages differed between the two species, as 324 

well. In Drosophila, they formed a straight common projection across the midline in a bundle of 325 

parallel fascicles as described before (Fig. 4Ei/Gi/I) (54). Decussation was not found, neither on the 326 

level of EGFP signal nor based on acetylated α-tubulin staining (Fig. 4Gi/I). In Tribolium, in contrast, 327 

the neurites projected first parallel to the midline towards n-posterior, projecting through (in the 328 

case of DM1-3) or passing by the protocerebral bridge (DM4). Then, they described a sharp turn 329 

towards the midline projecting medially into the lvCB neuropil towards the other side (Fig. 4F/H/L). 330 

Basically, this pattern resembled the adult one (compare Fig. 4Li with 3H). In contrast to Drosophila 331 

L1, acetylated α-tubulin staining (but not EGFP signal) revealed a system of crossing, i.e. decussated 332 

fascicles in the region of the lvCB (Fig 4J). This pattern of decussation differs strongly from that 333 

found in the pupa in that it is built by less prominent fascicles and not visible with the Tc-rx-EGFP 334 

line (Fig. 9). 335 

In summary, we confirm that Tribolium but not Drosophila has a functional (i.e. synapsin-336 

positive) central body and protocerebral bridge at the L1 stage. We further show that the DM1-4 337 

lineages of Tribolium larvae already ressemble the adult pattern including some decussations, while 338 

this is not the case in Drosophila. We note that, despite the presence of four adult-like WXYZ tracts 339 

and first decussations in the Tribolium L1, the lvCB is not visibly divided into columns. This contrasts 340 

with Drosophila where the presence of adult-like tracts and the start of decussation coincides with 341 

the division into columns in the early pupa (Fig. 8). Hence, heterochrony is found with respect to 342 

the gain of functionality at the L1 stage and with respect to the development of the underlying 343 

neural lineages.  344 

Importantly, the functional Tribolium larval central body did not represent an adult-like upper 345 

division. Rather, it morphologically corresponded to a developmental step found in other species. 346 

Specifically, the initiating decussations within a tract of largely parallel fibers mirrors the situation 347 

seen in an embryonic stage of the grasshopper (59,114). Hence, the Tribolium larval central body 348 
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represents a case of heterochronic gain of functionality of an immature developmental stage rather 349 

than a heterochronic shift of the development of an adult-like structure. 350 

 351 
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Fig. 4: Different patterns of DM1-4 projection and central complex morphology at the first larval stage. 352 

(A+C) The Drosophila (left columns) and Tribolium (right columns) L1 brains are positioned differently within 353 

the head, visualized by lateral views in A and C. Indicated are the denominators for anterior, posterior, dorsal 354 

and ventral (A,P,D,V) for both body axes and neuraxes (with prefix N). Further shown are the curved neuraxis 355 

(yellow) and the larval neuropils MB (magenta), AL (blue), CB and PB (green). The orange arrows indicate the 356 

different directions of the performed scans. The green arrows indicate the orientation displayed in K/Lii 357 

where central complex structures are best visible for both species. (B+D) The brains are depicted as they 358 

were scanned in E-J (i.e. from the angle of the orange arrow). (E-H) Differences between species were 359 

observed in cell cluster position and projection patterns as well as neuropil architecture. In Tribolium, 360 

arrangement and projection were already similar to the adult (compare L with Fig. 3) although the PB was still 361 

split. In Drosophila it differed dramatically: No central complex neuropils were detected and the DM1-4 362 

lineages projected straight across the midline. In Ei the approximate position of other lineages of the 363 

Drosophila brain are shown, i.e. dorso-anterio-lateral (DAL), dorso-posterior (DP) and centro-medial (CM) 364 

lineages (yellow). (I-J) Anti-acetylated-α-Tubulin immunostaining revealed that in Drosophila midline-365 

spanning fibers build up a simple stack of fascicles, containing the primordial central body. In Tribolium, in 366 

contrast, the functional central body contains already some decussated fibers. (K-L) 3D reconstructions 367 

visualize the spatial relationship between the lineages and highlight the differences between the species. 368 

Upper panels (i) reflect the orientation shown in E-H, while in the lower panels (ii) are oriented such that the 369 

prCBU and lvCBU are in front, i.e. the central complex is shown in a comparable perspective (see green arrow 370 

in A and C). Abbreviations like in previous figures. lv larval. Scale bars represent 25 µm. 371 

 372 

Embryonic central complex development proceeds faster in Drosophila 373 

We next asked whether the observed differences were explained by simple temporal shifts 374 

within a conserved developmental series or whether certain steps changed their position in the 375 

series (i.e. sequence heterochrony). For this we compared discrete developmental events of the 376 

central complex in both Tribolium and Drosophila. We made use of our rx imaging lines to compare 377 

the development of homologous cells by defining three events identifiable in embryos of both 378 

species. These were the first axon projection emerging from marked cells, the first midline-crossing 379 
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projection and the stage, when a larva-like projection pattern was reached. Further, the emergence 380 

of functional central body and protocerebral bridge as judged by synapsin staining was examined. 381 

Given the large differences in absolute developmental time between Tribolium and Drosophila we 382 

used relative developmental time. 383 

The first axons of the rx genetic neural lineages formed at a similar relative timing in both 384 

species (Drosophila 37 % developmental time, Tribolium 39 %; Fig. 5A-B, see Material and Methods 385 

and Supporting Information for all staging details). The appearance of the first midline-crossing 386 

projection appeared earlier in Drosophila than in Tribolium (Drosophila 43 %, Tribolium 58 %; Fig. 387 

5C-D). Likewise, the ‘final’ larval-like pattern was reached much earlier in Drosophila (51 %, 388 

Tribolium 81 %; Fig. 5E-F). However, at this stage the tracts of DM1-4 in Tribolium were already in 389 

similar spatial orientation and projection pattern as found in the adult. Moreover, despite this 390 

slower pace of development, Tribolium performed two more steps during embryogenesis, which in 391 

Drosophila were postembryonic: We found weak decussations and gain of functionality in the 392 

prospective central body region (i.e. synapsin staining), in late stage Tribolium embryos at 393 

approximately 81% (Fig. 5G-H). A distinct protocerebral bridge or central body that was clearly 394 

differentiated from other areas was not detectable in the embryo, however. 395 

We conclude that both species initiated development of the rx genetic neural lineage at a 396 

comparable time of development, that Tribolium proceeds slower but eventually includes two 397 

more developmental steps in embryogenesis. This represented a pronounced heterochronic shift of 398 

conserved developmental steps between different life stages. More strikingly, certain steps of the 399 

developmental series switched their order representing a case of sequence heterochrony in brain 400 

diversification (Fig. 6). Specifically, the decussation and an adult-like tract organisation occurred 401 

before the larval growth phase of the lvCB in Tribolium but after that stage in Drosophila. 402 

 403 
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 404 

Fig. 5: Key events of central complex development occur during late embryogenesis in Tribolium but not 405 

Drosophila.  406 

Comparable steps of central complex development are shown in one row for both species, the respective 407 

stage/relative time of development are shown in panels ii. The analysis was based on EGFP-labelled neurons 408 

(panels i) while acetylated α-tubulin staining is shown for reference (panels ii). (A-B) The development of the 409 

first axons happened at a similar time in Drosophila and Tribolium. (C-D) First midline-crossing fibers 410 

appeared earlier in Drosophila. (E-F) Likewise, the larva-like projection pattern was reached earlier in 411 

Drosophila. (G-H) The late-stage embryonic central complex of Tribolium is already faintly synapsin-positive 412 

(Gii, magenta in Giii) while the Drosophila lvCB remains synapsin-negative (not shown). In Tribolium, first 413 

decussations were visible as well (H, yellow arrows). Note that the assignment of Rx-positive cell clusters to 414 

the DM1-4 lineage groups was not unambiguous before mid-embryogenesis. Tentatively, we indicated the 415 

location of DM1 (green) and DM2-4 cells (blue oval form) in Ci. Later, the groups could be assigned to DM1-4 416 
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lineages (E-F). Stages in Drosophila correspond to (116) and in Tribolium to (25). Posterior is up, except in 417 

panels F, G and H where dorsal is up. Scale bars represent 25 µm. 418 

 419 

In the larva, central complex structures grow but do not change basic morphology 420 

Next, we asked how central complex structures changed during the larval period from the starting 421 

L1 architecture. We examined the position of cell clusters and their projections at 50 % (Fig. 6A-D) 422 

and at the end of the larval period (~ 95 %) (Fig. 6E-H). In Drosophila, the primordium of the CBU 423 

increased in thickness, particularly after 50 % of larval development (compare Fig. 6Ci to Gi) but it 424 

remained devoid of synapsin (Fig. 6Cii/Gii). In line with the literature we detected no decussations 425 

during larval stages. However, the position of DM1-4 cell clusters changed in Drosophila. Until 50 % 426 

of larval development, DM2 and DM3 cell bodies shifted n-ventrally, taking a position between 427 

DM1 and DM4 (compare Fig. 4E with Fig. 6Ai). Towards the end of larval development, cell clusters 428 

became arranged in a straight line along the neuraxis, DM1 most n-ventral, DM4 most n-dorsal (Fig. 429 

6 Ei). 430 

In Tribolium, the central body grew in length and thickness as well (compare Fig. 6Di with Hi). In 431 

addition, the position and shape of the protocerebral bridge changed. In L1 and 50 % larval brains, 432 

the separate parts of the protocerebral bridge were still oriented along the n-anterior/posterior 433 

axis. In late larval brains, however, they shifted into a position more perpendicular to the neuraxis. 434 

Accordingly, the positions of the marked cell clusters remained constant in the first half of larval 435 

development (Fig. 6 Bi/Hi). However, from 50 % to the end of the larval period they became 436 

arranged in one line along the protocerebral bridge. We also identified the presence of a columnar 437 

architecture in the protocerebral bridge in the late larva as judged by anti-synapsin staining, hence, 438 

there were four distinguishable sub-areas per hemisphere, likely reflecting a localized innervation 439 

near each of the four tracts. In both species’ larval brains, we qualitatively observed an increase in 440 

cell number of the DM1-4 rx-positive cell bodies. 441 
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We conclude that the larval period of central complex development is characterised mainly by 442 

growth of the central complex neuropils in both species. Apart from some shifts of cell body 443 

location, the structure established during embryogenesis was mostly maintained during the larval 444 

period. Importantly, the Drosophila central complex precursor remained synapsin-negative while in 445 

Tribolium both the lvCB and lvPB remained synapsin-positive, thus still resembling an immature 446 

structure throughout the larval period. 447 

 448 

 449 

Fig. 6: In both species, the rx genetic neural lineage shows substantial growth. During larval stages the 450 

identified cell clusters and their projections retained their position, but proliferated so that larger cell clusters 451 

and thicker and larger projections were built. (A-D) Depicted are projections at mid-larval stages ( 50 % of 452 

larval developmental time) where cell number and projections have qualitatively increased in number and 453 
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size, respectively. (E-H) Shown are late larval stages before pupation, where cell numbers and projection sizes 454 

have increased greatly from 50 %. The late lvPB of Tribolium can be divided into discrete columns already, 455 

indicated by four asterisks on one hemisphere. Bars in C, D, G and H indicate the size increase of midline 456 

structures. In Drosophila, the prCBU increased in width from 2.5 to 17 µm from 50 to 95 % of larval 457 

development. In L1, the prCBU is non-distinguishable using the rx-GFP line. The central body of the Tribolium 458 

L1 brain displayed in Fig. 4 was 51.6 µm long, the mid-larval lvCB was 58.7 µm and the late larval lvCB was 459 

100.9 µm long. For Drosophila n-ventral and for Tribolium n-anterior is up (see Fig. 4 for details). 460 

Abbreviations like in previous figures; pr primordium. Scale bars represent 25 µm and apply to panels i and ii 461 

and in case of Tribolium to D and H, respectively. 462 

 463 

The Drosophila central complex acquires functionality at later stages of pupal development 464 

Last, we examined pupal stages to reveal when heterochronic divergence in early central 465 

complex development was eventually levelled out to reach the conserved adult structure. We 466 

stained brains of 0 (prepupal stage), 5, 15, 20, 30 and 50 % of pupal development (see Supporting 467 

Material and Methods for staging) for EGFP and synapsin. In Drosophila, the protocerebral bridge 468 

appeared at 5 % of pupal development (Fig. 7Ci), grew subsequently and fused medially between 469 

30 and 50 % of pupation (Fig. 7I/Ki). Columns became visible at 15 % (Fig. 7Ei). The upper division of 470 

the Drosophila central body appeared first at 5 % of pupal development (Fig. 7Cii). Strength of 471 

synapsin staining increased at 15 %, coinciding with the emergence of layers and columns 472 

structuring the CBU (arrows and bars, respectively, Fig. 7Eii). This coincided with Dm-rx-EGFP 473 

projections forming a columnar division (Fig. 8Ciii). Thickness increased from 30 % onwards resulting 474 

in the fan-like structure typical for the Drosophila CBU (Fig. 7G/I/Kii). The Drosophila CBL emerged 475 

later at 15 % pupation, (Fig. 7Eiii) and continued bending until it formed the typical toroid form that 476 

was nearly closed at 50 % pupation (Fig. 7Kiii). Noduli appeared at the same time as the CBL as one 477 

paired subunit at 15 % of pupation (Fig. 7Eii), and only at 50 % an additional subunit was detected 478 

(Fig. 7Kii). Note that adult noduli are eventually comprised of three to six subunits, which 479 

apparently developed after 50 % development (78).  480 
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In Tribolium, the larval protocerebral bridge developed further and fused between 5 and 20 % 481 

(Fig. 7D/F/Hi; note that we observed a higher heterogeneity in our Tribolium dataset with respect 482 

to protocerebral bridge fusion and other events). A division into eight columns typical for the adult 483 

neuropil became visible at 30 % on the level of synapses (Fig 7Ji). However, based on the synapsin 484 

and EGFP signal of the Tc-rx-EGFP line, a division of the central body into columns was less visible at 485 

any developmental stage compared to Drosophila. This is in line with previous observations that 486 

central complex columnar architecture can be visible to quite different degrees in different taxa 487 

(12). Separate upper and lower divisions of the central body became visible already at the 488 

beginning of pupation (Fig. 7Bii/iii). The CBU increased in size, and at least two layers became visible 489 

at 5 % (Fig. 7Dii). The subdivision into columns was faintly visible from 20 % onwards (asterisks in 490 

Fig. 7Hii). The CBL appeared right at the beginning of pupation with weak synapsin signal intensity 491 

(Fig. 7Biii), which increased from 15 to 20 % of pupation (Fig. 7F/Hiii). Noduli appeared at the 492 

prepupal stage (Fig. 7Bii). They thickened considerably at 20 % pupation (Fig. 7Hii) building two 493 

subunits between 30 and 50 % (Fig. 7J/Lii) eventually showing three subunits in the adult (not 494 

shown). 495 

We concluded that protocerebral bridge, central body and noduli emerge later in the 496 

Drosophila pupal brain compared to Tribolium. Importantly, during pupation, the Tribolium larval 497 

central body matures significantly becoming quite different from its larval appearance 498 

corroborating that in larvae, the central complex is an immature but functional developmental 499 

stage. 500 

 501 

The rx genetic neural lineages contribute in a similar way to build the central complex during 502 

metamorphosis in both species 503 

Given the overall heterochronic development of the central complex we asked in how far the 504 

development of the rx genetic neural lineage reflected these differences during metamorphosis.  505 
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In Drosophila pupal brains, the array of DM1-4 cell clusters turned from their straight 506 

orientation along the midline into a bent configuration following the protocerebral bridge (Fig. 8A-507 

Fi). The corresponding tracts underwent massive rearrangement, with typical bends similar to an 508 

adult configuration already visible at 5 % pupation. Most notably, decussations were created by 509 

fascicle switching of the DM1-3 tracts starting at 5 % of pupal development (Fig. 8Bii) and became 510 

prominent from 15 % onwards (Fig. 8Cii). This resulted in a parallel columnar organisation of the 511 

CBU at 15 % (Fig. 8Ciii) and the marked tracts at 20 % (Fig. 8Dii). 512 

 513 

 514 
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Fig. 7: Pupal central complex development of Drosophila is delayed compared to Tribolium. Displayed are 515 

substack projections of an anti-synapsin staining of the same preparations used for tracing Rx-positive cell 516 

clusters in Figs. 8-9. (A-D) At 0-5 % pupation, in Drosophila the first functional neuropils have appeared, while 517 

in Tribolium NO and CBL have appeared and the CBU developed layers. (E-H) At 15-20 % pupation, the 518 

Drosophila central complex develops columns and layers, and NO and EB appear. In Tribolium, columns 519 

develop and the PB fuses. (I-L) At 30-50 % pupation, central complex structures resemble the adult, as the PB 520 

develops columns and fuses. Note that through slight deviations in positioning of the pupal brains, the CBU 521 

appears thicker in some stages than in others (e.g. H versus J). Following Drosophila events are highlighted by 522 

yellow arrowheads: Appearance of a functional PB (Ci), CBU (Cii), NO (Eii/iii) and CBL (Eiii), and last stage of an 523 

unfused PB (Ii). Following Tribolium events are highlighted by yellow arrowheads: The last stage of an unfused 524 

PB (Bi, Fi, note the variability in the timing of fusion), appearance of NO (Bii) and CBL (Biii). A division into 525 

distinct layers in the CBU are marked by horizontal bars. A division into columns in the PB and CBU is marked 526 

by asterisks. Abbreviations like in previous figures. Scale bars represent 25 µm. 527 

 528 

First EGFP signal clearly corresponding to a CBU was found at 15 and 20 % (Fig. 8C/Diii) 529 

coinciding with the emergence of synapsin staining (Fig. 7Fii/Hii). We detected no pronounced 530 

projection into the CBL until 20 % while later projections remained low in intensity (Fig. 8FIV). 531 

Strong projections into the noduli were detectable from 15 % onwards (Fig. 8Ciii). Following single 532 

tracts within the central complex was not possible. 533 

In Tribolium pupal brains, the cell bodies of the Rx expressing DM1-4 groups remained 534 

comparably similar because they had undergone the respective re-arrangement already mostly in 535 

the embryo, and partially in the larva. From 0-15 % onwards, DM1-4 cells formed tracts, which 536 

underwent pronounced fascicle switching (Fig. 9A-Cii). The resulting division into columns became 537 

visible by the presence of strongly marked tracts from 0 % onwards in the CBU (Fig. 9Aiii) and from 538 

30 % in the CBL (Fig. 9Eiv).  539 

Hence, we note an interesting pattern of decussation in the Tribolium L1 and pupal brains: 540 

While a decussated pattern was found in Tribolium L1 based on acetylated α-tubulin staining, it was 541 
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not yet visible with the Tc-rx-EGFP line. In contrast, in the pupa, decussations of the rx genetic 542 

neural lineages became clearly visible in both species. It is therefore possible that the rx genetic 543 

neural lineage performs decussation postembryonically in both species, while other lineages 544 

perform this process already in the Tribolium embryo. We cannot exclude, however, that 545 

decussations of single neurites may not have been resolvable by the Tc-rx-EGFP line. 546 
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Fig. 8: In Drosophila, the main developmental event of fascicle switching with resulting columnar fiber 548 

organisation occurs in the pupa. Displayed are sub-projections of an anti-GFP staining of the same brain per 549 

time point, to display the development and positioning of cell clusters (i) belonging to the DM1-4 lineage and 550 

their tracts (ii) (DM1 green, DM2 light blue, DM3 dark blue, DM4 orange) and final projections into the 551 

developing central complex neuropils (CBU iii, CBL iv). (A-C) Fascicle switching starts at 5 % and is very visible 552 

at 15 % pupation with the CBU and NO developing as result. (D-F) Fascicle switching continues, with the CBL 553 

developing. Also, the cell bodies get shifted, resembling the shape of the PB as result in later pupal stages. 554 

Following events are highlighted: Fascicle switching (fs) of DM1-3 was visible from 5 % onwards (Bii, Cii), with 555 

the formation of four columns of the CBU per hemisphere (asterisks in Ciii Dii, Diii). Abbreviations like in 556 

previous figures; fs fascicle switching event. Scale bars represent 25 µm. 557 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted December 20, 2019. ; https://doi.org/10.1101/2019.12.20.883900doi: bioRxiv preprint 

https://doi.org/10.1101/2019.12.20.883900
http://creativecommons.org/licenses/by-nc-nd/4.0/


- 30 - 

 558 

Fig. 9: Tribolium pupal development illustrates how the adult central body becomes distinct from the larval 559 

form. Displayed are sub-projections of an anti-GFP staining of the same brain per time point, to display the 560 

development and positioning of cell clusters (i) belonging to the DM1-4 lineage and their tracts (ii) (DM1 561 

green, DM2 light blue, DM3 dark blue, DM4 orange) and final projections into the developing central complex 562 

neuropils (CBU iii, CBL iv). (A-C) Fascicle switching becomes immediately prominently visible at 0 % and shows 563 
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a columnar division of the CBU, and increases in later stages. (D-F) In later pupal stages, decussated 564 

projections go into the NO, and a column divided CBL. Following events are particularly highlighted: Fascicle 565 

switching (fs) of DM1-3 was visible from 0 % onwards (Aii, Bii, Cii), with a resulting formation of four columns 566 

of the CBU and CBL per hemisphere (earliest visible in Aiii and Eiv, marked by asterisks). Abbreviations like in 567 

previous figures. Scale bars represent 25 µm. 568 
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Discussion 569 

Complex pattern of heterochronies and paedomorphocline of central complex development 570 

Initially, the term heterochrony described differences in size and shape emerging mainly from 571 

different growth parameters such as rate and duration of growth (60,64). Sequence heterochrony 572 

was introduced for cases where certain developmental steps change their position within a 573 

developmental sequence (65,67). To assess the nature and complexity of central complex 574 

heterochrony, we used fifteen events of central complex differentiation for which we determined 575 

the absolute and relative timing in Drosophila and Tribolium development (Fig. 10), a two-576 

dimensional approach of events and time, as previously proposed (67). 577 

We find a complex pattern of heterochronies, most of which reflect simple shifts in timing of 578 

differentiation events (orange arrows in Fig. 10). Interestingly though, some events occur earlier in 579 

Drosophila (e.g. first embryonic steps 1-3 – see Fig. 10 and Table S5) while with respect to others, 580 

Tribolium develops faster (steps 9 to 13). Importantly, some steps are even shifted between life 581 

stages: Formation of adult-like WXYZ tracts, first decussation and gain of functionality of the 582 

protocerebral bridge and central body are embryonic events in Tribolium but metamorphic events 583 

in Drosophila (steps 5-8).  584 

We observe that ‘growth heterochrony’ (i.e. different timing, reduction or prolongation of 585 

growth, (64)) may not play a major role in central complex evolution because most of the growth 586 

happens at similar phases in both species (i.e. during early embryogenesis and during the larval 587 

stage). This contrasts with the crucial role that growth heterochrony was shown to play in the 588 

evolution of brains in other contexts. For instance, in humans, postnatal growth of the brain is 589 

strongly increased compared to chimpanzees (70). Across Mammalia an increase of proliferation 590 

rates probably led to gyrification (folding) of the cortex (117,118). An intraspecific case of growth 591 

heterochrony has been noticed in insect castes, where bee queen brains develop faster and are 592 

larger as a result than worker bee brains (119). 593 
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Overall, the observed heterochronies reflect a paedomorphocline, i.e. an evolutionary 594 

juvenilization along the clades investigated (61). The Schistocerca central complex represents the 595 

ancestral situation while the Tribolium L1 central complex is paedomorphic as it shows similarity to 596 

a stage at 60% embryogenesis in Schistocerca where decussations have just initiated (81). Likewise, 597 

the Drosophila L1 central complex is paedomorphic to the Schistocerca neuropil, but its primordium 598 

equals an even earlier embryonic stage of about 45 to 50% (81), consisting of parallel fibers only. 599 

 600 

An example for sequence heterochrony in brain development 601 

One of our key findings is the presence of sequence heterochrony that contributes to the 602 

different forms of larval central complex primordia in Tribolium versus Drosophila. Specifically, 603 

adult-like WXYZ tracts, fascicle switching and gain of functionality of protocerebral bridge and 604 

central body (steps 5-8) occur before main net growth of the central body in larvae of Tribolium 605 

while they occur after this larval growth period in Drosophila. To our knowledge, this is the first 606 

example of sequence heterochrony contributing to the evolution of brain diversity. Sequence 607 

heterochrony was previously described with respect to processes where sequences covered for 608 

example the entire development of crustaceans (120) or the different order of events of central 609 

nervous system, skeletal and muscular development in Metatheria and Eutheria (121).  610 

The cell behavior underlying sequence heterochrony may be reflected in the development of 611 

pointed-positive DM1-4 cells in Drosophila (54,55): During embryogenesis, their parallel midline-612 

crossing neurites form the larval FB primordium where they arrest development. Only during late 613 

larval and early pupal stages, they continue development building decussations and projections 614 

into columns within the FB, forming pontine neurons. Hence, the homologous cells of Tribolium 615 

would just need to overcome the developmental arrest in order to form first decussations in the 616 

embryo. Imaging lines marking the pointed genetic neural lineage tailored by genome editing (28) 617 

would allow testing this hypothesis.  618 
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Figure 10: Schematic summarizing the timing of developmental events of central complex heterochrony.  620 

Developmental time is depicted on the x axis as absolute time in hours and days (A) or relative time in % 621 

development of the respective life stages (B). Fifteen discrete events of central complex development 622 

(description in C and definition in Table S5) are depicted on the y axis and visualized with small sketches. The 623 

sequence of events reflects Drosophila development. The developmental trajectory shown for Drosophila 624 

(D.m., blue) and Tribolium (T.c., orange) is based on this work while Schistocerca (S.g., green) is based on 625 

(81,114,122,123). Red contours of the circles and red lines on the top axes indicate presence of synapsin as 626 

a proxy for functionality of the central complex. Synapsin expression data was not available for Schistocerca, 627 

therefore neuromodulator expression was used instead (red hatched line). 628 

(A) A comparison on an absolute time scale highlights the large differences in actual time between species, 629 

and the resulting divergences over which period a respective animal has a functional central complex 630 

neuropil. Drosophila has the shortest generation time with the embryonic stage 33 %, the larval stage 17 % 631 

and the pupal stage being 71 % of the Tribolium time (32°C in Tribolium, 25°C in Drosophila). Schistocerca 632 

(~31°C) embryonic central complex development takes more than double of the time of entire Drosophila 633 

central complex development (480 h versus 200 h). (B) Initial embryonic development leads to a 634 

heterochronic delay in Tribolium (orange arrows of events 2 and 3). In Drosophila, the larval growth phase 635 

follows (4) before in the pupa WXYZ tracts, decussation and gain of synapsin in PB and CB occur (5-8). 636 

Strikingly, these latter events are shifted into Tribolium embryogenesis. Further, we observed a sequence 637 

heterochrony, where the Tribolium larval growth phase occurs after events 5-8 instead of before like in 638 

Drosophila (curved yellow arrow and red line with negative slope). Pupal events 9 to 13 are heterochronically 639 

shifted to earlier stages of development in Tribolium. (C) Events are shortly described here and defined in 640 

Table S5. 641 

 642 

An immature developmental stage of the central complex gained functionality in 643 

holometabolous larvae 644 

It has been assumed that the larval central body of Tenebrionid beetles corresponds to the 645 

upper division (CBU, FB) of the adult. This assumption was based on its bar shape, the presence of 646 

tracts presumably prefiguring the lower division and some neuromodulator expression (20,33,51). 647 
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We find that the functional central body of the L1 does not reflect any adult structure but is like a 648 

developmental stage that gained functionality (as defined by synapsin expression). It is immature 649 

with respect to the size and number of neurites of the neuropil, the pattern of decussation, the lack 650 

of columns and layers and in that the protocerebral bridge is not yet fused at the midline. Hence, 651 

Tribolium has two distinct forms of a functional central complex, one for the larval and one for the 652 

adult life stage. It should be noted that we cannot exclude that precursors of central complex 653 

neuropils could be present at earlier stages in form of synapsin-positive areas fused with other 654 

brain neuropils or as simple tracts that are not yet functional but present. However, given that 655 

central complex function is based on the intricate pattern of interconnections between central 656 

complex neuropils, we assume that a similar set of neuropils is required for a functional central 657 

complex.  658 

How can a developmental stage become functional? Our data indicates that a connection of 659 

protocerebral bridge and central body by WXYZ tracts and some degree of decussation are required 660 

because all these events are specifically shifted into embryogenesis in Tribolium. This would be in 661 

line with current views on the function of the adult central complex where the intricate pattern of 662 

interconnections by columnar neurons, their decussations and resulting projections are required 663 

for integrative central complex functions like sky compass orientation (39,40,44,91). However, 664 

basic functionality does appear not to require the separation of upper and lower division of the 665 

central body nor a prominent columnar architecture. The question remains in how far the larval 666 

central complex function actually mimics the adult one. It is plausible that the simplified 667 

architecture leads to a less complex functionality. 668 

 669 

Evolutionary scenario – gain of a larval central complex in holometabolous larvae? 670 

Hemimetabolan insects like Schistocerca reflect the ancestral situation where the entire central 671 

complex develops during embryogenesis. It was suggested that the situation in beetles and other 672 

holometabolous insect larvae (with their partial central complex) was less derived than the one of 673 
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Drosophila, where a functional central complex emerges only during metamorphosis (33). 674 

However, our results reveal that Tribolium diverges from the other two in that its central complex 675 

gains functionality at an immature developmental stage. 676 

This unexpected pattern may be explained by two different scenarios: First, a simple 677 

comparison between these three species would indicate that flies have retained the ancestral 678 

condition while beetle and other holometabolous insect larvae have gained functionality as 679 

evolutionary novelty. However, the larvae of beetles, which move and orient in an environment 680 

using eyes and legs are thought to be more similar to the ancestral holometabolous insect larva 681 

than the Drosophila maggot with its reduction of legs, eyes and head (124). Further, this scenario 682 

requires assuming independent gains of functionality of developmental stages in several 683 

holometabolous insect taxa. We prefer a second scenario, which puts the evolution of a functional 684 

larval central complex at the basis of the evolution of Holometabola. The holometabolan larva is an 685 

immature but functional life stage. This is reflected by a number of immature organs like simplified 686 

legs, antennae and eyes while other organs lack completely (e.g. wings) (124). Minimal 687 

functionality of the central complex might have been required for the evolution of the larval stage 688 

for guiding at least some basic behavior involving eyes and legs. In this scenario, the distribution of 689 

larval functional central complexes in several taxa would reflect conservation while the lack in 690 

Drosophila larva would reflect a loss as evolutionary divergence. Indeed, the fly maggot may need 691 

less elaborate orientation behavior because it hatches within the food source which usually 692 

supports its entire development. Unfortunately, data on embryonic central complex development 693 

is missing for most taxa calling for respective studies in order to test our scenario (20,51,125,126).  694 

 695 

Does the larval central complex recycle phylogeny? 696 

Similarity has been noted between the larval central complex of Tenebrio molitor and the larval 697 

structure in the Branchiopod Triops cancriformis with its rudimentary protocerebral bridge and 698 

non-columnar central body (12,127). Moreover, there is a striking similarity of the Tribolium larval 699 
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central complex as we describe it with the adult crayfish central complex, with its bilateral WXYZ 700 

tracts projecting into a uniform non-layered, non-columnar central body, and its V-shaped, only 701 

slightly fused protocerebral bridge (128,129), as well as with some shrimp central complexes (131). 702 

Hence, the holometabolan larval central complex could reflect a phylogenetic intermediate that 703 

occurred in the evolution towards the insect central complex. However, in that case, ontogeny does 704 

not simply reflect phylogeny. Rather, the functional larval central complex of holometabolous 705 

larvae represents a regression to an evolutionary precursor. 100 years after Haeckel’s death one 706 

might be inclined to state ‘ontogeny reflects – or recycles – phylogeny’ and heterochrony may be a 707 

driving force.  708 
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Material and Methods 709 

General considerations 710 

We adhered to the nomenclature presented in (82), except for our reference to the DM4 711 

ipsilateral fascicle as tract, which we remain with the term W tract (75). In addition, we referred to 712 

central body divisions as upper and lower division, instead of fan-shaped and ellipsoid, because 713 

these terms were used in classical literature and the lower division has an ellipsoid shape only in a 714 

few species. Similarly, we use the tradtional term ‘columns’ for vertical subdivisions in the central 715 

complex while ‘slices’ has been suggested as synonym (82). 716 

Animals were kept at 32°C for Tribolium castaneum and 25°C for Drosophila melanogaster 717 

under respective standard conditions (132,133). Execpt for embryos and young larvae where sexing 718 

was not possible, females were selected for stainings. Besides in Fig. 5G (N=1), Fig. 5H (N=2) and 719 

Fig. 6B-D (N=2), the dataset consisted of at least N=3 tissues. All stacks from which figures were 720 

created and films in .avi format thereof can be found under figshare 721 

(https://figshare.com/account/home#/projects/64799). All Drosophila and Tribolium stocks, 722 

antibodies and dyes, as well as primers are documented in Tables S2-S4. Detailed information on all 723 

methods used can be found in the Supporting Material and Methods. 724 

 725 

Tc-Rx antibody generation and verification 726 

The anti-Drosophila Rx antibody was kindly gifted by Dr. Uwe Walldorf (98). No cross reactivity 727 

to the Tc-Rx protein was found. Hence, we generated an antibody against Tc-Rx by cloning the 728 

region N-terminal to the homeobox domain into a GoldenGate vector containing a SUMO peptide 729 

(KNE001, Supporting Material and Methods), expressing it in BL21-DE3 Rosetta bacteria and 730 

purifying it by immobilized metal ion affinity chromatography. A guinea pig antibody was then 731 

raised against the purified peptide by Eurogentec (Kaneka Eurogentec S.A., Belgium). Finally, 732 

specificity of the antibody was verified by in situ hybridisation against rx RNA combined with Tc-Rx 733 

immunostaining as well as immunostaining of Tc-rx RNAi-mediated knockdown embryos (Fig. S1). 734 
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 735 

rx-EGFP transgenic lines 736 

For Drosophila, a trangenic line marking large parts of rx expression was not available. 737 

Therefore, we generated a bicistronic line by CRISPR/Cas9 mediated homology-directed repair (Fig. 738 

S3)(28). Towards this end, we removed the endogenous STOP codon of the rx ORF to generate an 739 

in-frame rx-EGFP fusion gene. In addition, we included a sequence encoding for the P2A peptide 740 

between the rx ORF and EGFP CDS to ensure that two distinct proteins from a common RNA will 741 

have been translated (for information on the P2A peptide see (108,109)). We also included an eye 742 

marker allowing us to screen G1 positives with ease. The repair template was cloned using the 743 

Gibson assembly kit (New England Biolabs, MA, USA). Suitable target sites without off-targets were 744 

identified using the CRISPR Optimal Target Finder (134) 745 

(http://targetfinder.flycrispr.neuro.brown.edu/). Respective guides were cloned into an U6:3-BbsI 746 

vector and subsequently tested by a T7 Endonuclease I assay. The repair template and guideRNA 747 

containing plasmids were co-injected into Act5C-Cas9, DNAlig4[169] embryos (135). Surviving G0 748 

animals were crossed individually to w- virgins of the opposite sex and the G1 generation was 749 

screened for eye marker and EGFP reporter. The overlap of EGFP and Rx was determined by double 750 

immunostainings in adults and embryos. Indeed, we found that each cell expressing Rx now also 751 

expressed EGFP, largely located in the cytoplasm. 752 

For Tribolium, we identified a suitable transgenic line in the GEKU base website where its 753 

insertion had been mapped to the upstream region of Tc-rx (# E01101, http://www.geku-base.uni-754 

goettingen.de/, Fig. S2)(136). This Tc-rx-EGFP line was verified by Rx/GFP co-immunostainings 755 

which revealed that all EGFP expressing cells also expressed Rx (with the exception of the eye 756 

transformation marker). 757 

Both, Dm-rx-EGFP and Tc-rx-EGFP, were made homozygous and all data used derives from 758 

homozygous stocks.  759 

 760 
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Comparative staging and determining central complex events 761 

A description of the stages that we defined are documented in the Supporting Material and 762 

Methods and Table S5. Exact values for the timing of central complex developmental events 763 

displayed in Fig. 10 are found in Table S5.  764 

 765 

Fixation, staining, imaging and image processing 766 

Fixation, in situ hybridization and immunostainings were performed as described in (27,32) with 767 

details in the Supporting Information. Images were taken with a Leica SP8 confocal microscope 768 

(Wetzlar, Germany) with standard settings. Images were examined using Fiji software (137). 3D 769 

reconstructions were performed using Amira 5.4.1 (Visage Imaging, Fürth, Germany) and figures 770 

created using Adobe Illustrator CS5 (Adobe Systems, San José, CA, USA). 771 
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