Supplementary Discussion
Neural stem cells generate the most diverse cell types in an animal48,49. One of the main specification mechanisms in neural progenitors that allow the generation of this vast diversity in a stereotyped manner is temporal patterning2,6,8,10,11. We present here a comprehensive series of transcription factors that temporally pattern a developing neural structure. We took advantage of the unique structure of the developing Drosophila optic lobe and generated detailed trajectories of neural stem cells starting from the time they are born to the time they terminally differentiate. All previously known tTFs were confirmed using this approach; moreover, all the new candidate tTFs that were identified computationally were verified experimentally, thus providing a proof-of-principle for the combination of scRNASeq and trajectory inference to be applicable to most other neuronal tissues in different animals that lack the genetic toolkit of Drosophila. We show that most tTFs are expressed in overlapping windows, creating combinatorial codes that differentiate neural stem cells of different ages and therefore provide them with the ability to generate diverse neurons after every division. We conservatively assigned them into 11 distinct temporal windows (10 of which generate neurons) (Figure 3a), which, when integrated with spatial patterning (6 spatial domains) and the Notch binary cell fate decision (NotchON and NotchOFF), can explain the generation of ~120 cell types (10 times 6 times 2), which is close to the entire neuronal type diversity of the Drosophila medulla. Together with the fact that all neuroblasts express one or more temporal factors (i.e. there are no gaps in the tTF expression – Figure 3a and Extended Data Figure 4a-b), we believe that we have uncovered most, if not all, medulla tTFs. Moreover, we determined downstream TFs that were expressed in neurons produced temporally (concentric genes), which allowed us to establish the birth order of all medulla neurons with unprecedented resolution (Figure 3, Extended Data Figure 8 and Table S1). The expression pattern of these concentric neuronal TFs in neurons is reminiscent of the localization of different neurons in the different layers of the vertebrate cortex, which also represent birth order in an inside out manner34,50–52. While a temporal series was partly known in several Drosophila neuronal structures2, little was known about how this led to the generation of the complete set of neuronal diversity and in which temporal windows. The present work fills this gap of knowledge by uncovering a comprehensive list of tTFs that can explain the generation of all the neuronal diversity in the medulla in a stereotyped order.
We also identified the regulatory interactions between all medulla tTFs. Importantly, we show that not all tTFs function in the same way for the progression of the temporal cascade. While most tTFs inhibit the previous factor and/or activate the next (Erm, Hbn, Slp, and Tll), two do not participate in the progression of the temporal series (Hth and Oaz – Extended Data Figure 5b-c, e-j) while others assume newly discovered roles: (i) During its first temporal window Opa regulates the timing of Ey expression. (ii) Ey expression is activated by the combined action of Erm and Opa and it requires two TFs to be repressed (Hbn and Scro), indicating that Ey could be a checkpoint for the progression of the series, i.e. only when both Hbn and Scro are activated is the temporal series allowed to progress. Similarly, D needs both Scro and Slp to be expressed (Scro and Slp do not regulate each other – Extended Data Figure 5k). (iii) Finally, Oaz and Scro are expressed in long temporal windows, broadly specifying young and old neuroblasts, respectively. While we do not know whether the interactions between tTFs are direct, it was recently shown that Ey binds directly on the enhancer of Hbn53. Moreover, the fact that the whole tTF series is realized within about 20 hours points towards a direct binding of the tTFs on the enhancer regions of the tTFs they regulate. The complex nature of the temporal series is likely a product of the evolutionary process that led to it, which will be very interesting to untangle in the future by comparing to other arthropod optic lobe temporal series.
We further show that the tTFs are not only important for the progression of the series but are also active contributors to the production of different neuronal types. Most of the tTFs are inherited by some of their neuronal progeny, which suggests a role in establishing neuronal identity. They also regulate the expression of neuronal transcription factors, such as Bsh, Vvl, Toy, Tj, Otd, and TfAP-2 (as was shown before11,23,29 and in this work). These transcription factors are expressed in neurons that are born during a specific temporal window and represent the “business end” of temporal patterning, i.e. the TFs downstream of the tTFs that regulate terminal neuronal features. Importantly, the identification of additional TFs expressed temporally (concentric genes), provides an additional list of candidate genes regulating neuronal identity in each temporal window (Figure 5 - Table S1). Hence, this dataset presents a unique resource to genetically access and study the molecular players involved in the temporal specification of any medulla neuron. Importantly, we observed that neurons that are generated in the same temporal window and share Notch status express the same neurotransmitter transcript at L3 stage, indicating that temporal factors already instruct the functional identity of neurons at birth. 
We also provide a detailed transcriptomic description of the first steps in the differentiation trajectory of a neuron. All these steps are initiated within the first 20 hours of neuronal life, approximately 2-4 days before most of these proteins can fulfil their function. This was also recently observed in the developing neurons of the central brain, indicating that this is possibly a generic feature of Drosophila neurons54. Why these genes are expressed so early remains unknown, but we hypothesize that it may be a way for neurons to commit to a specific identity. This path is taken by all neuronal types, independently of identity and of the actual genes that are expressed (e.g. neurotransmitter identity is established at the same relative time, independent of whether the neuron is cholinergic or glutamatergic). This is similar to the differentiation process in mammalian neurons, as we show by analyzing data from the developing human cortex. This shows that, while specification mechanisms decide which genes are going to be expressed, the timing of the expression of genes of a specific function is preset, and this attribute of neurons is conserved between mammals and flies. Importantly, this emphasizes the fact that understanding the mechanisms of neuronal differentiation in flies can generate insight for the equivalent process in humans.
Finally, we probed a scRNASeq dataset of mouse radial glia for the expression of the optic lobe tTFs. None of the Drosophila tTFs were expressed in strict temporal windows; only Ey/Pax6 was expressed in a gradient, being enriched in older radial glia, while Slp/Foxg1 was slightly elevated in younger ones. However, the regulatory interaction between Ey/Pax6 and Slp/Foxg1 is potentially conserved between flies and mice55. Interestingly, the RNA binding protein Imp/Igf2bp1 is expressed in a gradient, being enriched in young progenitors in both Drosophila central brain neuroblasts and in the mouse cortical radial glia56,57 (Extended Data Figure 10b). Moreover, Bach2 (which has been suggested to be an ortholog of Chinmo58) is expressed in very young radial glia, but more importantly in neurons that come from the high-Igf2bp1 radial glia (Extended Data Figure 10b). This is reminiscent of the expression of Chinmo, which is also expressed in young neurons of the fly central brain and mushroom body under the regulation of Imp56. This suggests that a similar temporal program may exist between radial glia and some Drosophila neuroblasts that regulates neuronal identity.
The absence of steep temporal windows in mouse cortical apical progenitors was also illustrated by a recent paper that identified shared tTFs in different parts of the mouse CNS. These TFs were only divided in two broad categories, early versus late33. This supports the idea that tTF series with sharply defined temporal windows, where tTFs count time and switch fate in response to a purely transcriptional network, might only operate in short-lived stem cells, like those in the Drosophila optic lobes that live for approximately 20 hours and divide rapidly. On the other hand, gradients could be more adequate to count time in long-lived stem cells, such as the mammalian radial glia that live for more than 5 days in mice or weeks in humans and divide at much longer intervals than those required to support a transcriptional network59. 
Recent studies have highlighted key aspects of the evolution of the “nuts and bolts” of a functional neuron, such as the molecules of the pre- and post-synaptic machinery60 (i.e. how neurons evolved). On the other hand, other studies have focused on the evolutionary history of whole brain regions, such as the claustrum61, the hippocampus, the amygdala62 etc. The comprehensive comparison of the neuronal specification mechanisms, such as temporal patterning, in different brain structures, will offer insight into the evolution of development of specific neuronal types. Only by combining all three different levels, evolution of neurons, neuronal types, and neuronal structures, will we be able to understand how the most complex organ of the human body evolved.
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