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            Abstract
The brain consists of thousands of neuronal types that are generated by stem cells producing different neuronal types as they age. In Drosophila, this temporal patterning is driven by the successive expression of temporal transcription factors (tTFs)1,2,3,4,5,6. Here we used single-cell mRNA sequencing to identify the complete series of tTFs that specify most Drosophila optic lobe neurons. We verify that tTFs regulate the progression of the series by activating the next tTF(s) and repressing the previous one(s), and also identify more complex mechanisms of regulation. Moreover, we establish the temporal window of origin and birth order of each neuronal type in the medulla and provide evidence that these tTFs are sufficient to explain the generation of all of the neuronal diversity in this brain region. Finally, we describe the first steps of neuronal differentiation and show that these steps are conserved in humans. We find that terminal differentiation genes, such as neurotransmitter-related genes, are present as transcripts, but not as proteins, in immature larval neurons. This comprehensive analysis of a temporal series of tTFs in the optic lobe offers mechanistic insights into how tTF series are regulated, and how they can lead to the generation of a complete set of neurons.
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                    Fig. 1: Single-cell sequencing of the developing Drosophila larval optic lobe.[image: ]


Fig. 2: Complex genetic interactions between tTFs control the progression of the temporal series.[image: ]


Fig. 3: Temporal window of origin and birth order of medulla neurons.[image: ]


Fig. 4: Neuronal differentiation in flies and humans.[image: ]
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              All Drosophila raw and processed data referenced were uploaded to the GEO under accession number GSE167266. The human source data described in this manuscript are available at the PsychENCODE Knowledge Portal (https://psychencode.synapse.org/). The PsychENCODE Knowledge Portal is a platform for accessing data, analyses and tools generated through grants funded by the National Institute of Mental Health (NIMH) PsychENCODE programme. Data are available for general research use according to the requirements for data access and data attribution detailed online (https://psychencode.synapse.org/DataAccess). The content described in this manuscript is available online (https://doi.org/10.7303/syn24975927). The publicly available single-cell sequencing datasets that were used can be found at the GEO: GSE142787 (Drosophila pupal development), GSE118953 (mouse cortical radial glia) and GSE118614 (mouse retinal progenitors).
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Extended data figures and tables

Extended Data Fig. 1 Integration of libraries.
(a-a’) Comparison of library distribution on a tSNE plot of datasets before (merged) and after library integration (batch effect correction). Before integration, there is a clear bias in the distribution of the libraries within clusters. After integration, this bias is largely eliminated. (b-b’) Comparison of the library contribution in each cluster before (merged) and after library integration (batch effect correction). With the exception of few clusters in each case, all clusters have a similar percentage of cells coming from each library. (c) Comparison of cluster sizes per library before (merged - n = 71 clusters) and after library integration (batch effect correction - n = 93 clusters). The variance in the merged dataset is larger than the one in the integrated one, indicating noise that was potentially alleviated by the batch correction. Boxplots display the first, second and third quartiles. Whiskers extend from the box to the highest or lowest values in the 1.5 inter-quartile range, and outlying datapoints are represented by a dot.


Extended Data Fig. 2 Annotation of the developing optic lobe UMAP plot.
(a) UMAP plots showing the expression of different cell type markers that allows for the annotation of the different clusters. Shotgun/DE-Cad (shg) is expressed in the neuroepithelium (NE) and young neuroblasts (NBs). Deadpan (dpn) is expressed in neuroepithelium and neuroblasts. Asense (ase) is expressed in the neuroblasts and GMCs. Elav is mostly expressed in the neurons, although the transcript can already be seen in the GMCs. Finally, repo is expressed in glial cells. (b) UMAP plot of single-cells coming from larval (L3) and pupal (P15) developing optic lobes. Using cell type annotation, we identify cell types that belong to the four optic lobe neuropils (lamina, medulla, lobula, and lobula plate), as well as central brain cells that were not removed during the dissections, and glial cells. (c) Expression of markers for the lamina and the lobula plate. Lamina is marked by the expression of gcm, eya, sim, tll, and dac, while lobula plate expresses strongly acj6, faintly dac, and the progenitors (neuroblasts and GMCs) express tll. (d) (Top) UMAP: Spatial transcription factors (Vsx, Optix, and Rx) are not expressed in medulla neuroblasts (NBs), while only Vsx is expressed in some neuronal types (it is unknown whether this expression reflects their origin from the Vsx spatial domain). (Inset) sTFs are only expressed in the neuroepithelium (NE) in largely non-overlapping domains. (Bottom). UMAP plots with the expression of individual sTFs in the neuroepithelium. (e) UMAP plot of the neuroepithelial cells. Top: Expression of the spatial transcription factors (Vsx1, Optix, and Rx) can be seen in largely non-overlapping clusters. Bottom: Semi-supervised clustering of the neuroepithelial cells and identification of the three spatial clusters (Vsx, Optix, and Rx).


Extended Data Fig. 3 Candidate tTF expression in neuroblast trajectory.
Expression pattern over pseudotime of all TFs that were found to be expressed in a temporal manner along the medulla neuroblast trajectory. (a) 14 transcription factors were found to be expressed temporally in high relative expression levels. These include the already known tTFs (hth, ey, slp1, slp2, D, and tll in purple), as well as eight new candidate tTFs (in green). (b) Another 25 transcription factors were found to be expressed temporally in lower relative expression levels. Ap, ct, gcm, and gem expression were tested in developing optic lobes and they were not expressed temporally. Hence, these 25 transcription factors were excluded from downstream analysis. (c) Gcm-Gal4 (green) is expressed in glial cells coming from the Tll temporal window (magenta)46. Scale bar: 10 µm. (d) Cut-Gal4 (green) is expressed in neuroblasts of all ages found in the surface of the optic lobe (arrow). Scale bar: 10 µm.


Extended Data Fig. 4 Newly identified tTFs are expressed temporally.
(a) Antibody staining (frontal view) against five of the eight new temporal transcription factors, Opa (red), Erm (blue), Hbn (green), Scro (white), and BarH1 (green), shown in different combinations. (b) Antibody staining against Opa, Hth, Ey, and Arm (which marks all cells). Opa is expressed in two waves, one succeeding and partially overlapping with the Hth window and one later partially overlapping with Ey. The expression of Opa covers the previous “gap” between Hth- and Ey-expressing neuroblasts. (c) Antibody staining against Erm and Ey. Erm starts being expressed before Ey, partially overlapping with it (magenta arrowheads). (d) Antibody staining against Hbn and Ey. Hbn expression begins slightly after Ey and overlaps almost completely with it. Ey-positive, Hbn-negative neuroblasts are indicated with arrowheads. (e) Antibody staining against Oaz and D. Oaz expression precedes the expression of D. (f) Antibody staining against Dpn, Oaz, BarH1, and Arm (which marks all cells). BarH1 is expressed after Oaz. (g) Antibody staining against BarH1 and Tll. BarH1 is expressed before and overlaps with Tll. (h) Fluorescent in situ hybridization against dpn, Oaz, BarH1 and BarH2. BarH2 is expressed in the same neuroblasts as BarH1, after Oaz has stopped being expressed. Hoechst marks all cells. (i) Hbn is expressed between the two Opa temporal windows in neurons, while BarH1 is expressed after the second Opa temporal window. Hbn is also expressed in later born neurons, after the second Opa wave, and is lost from the first lamina (in between Opa) as neurons mature. Scale bars: 10 µm.


Extended Data Fig. 5 Negative genetic interactions between tTFs.
(a) Diagram of genetic interactions between tTFs in medulla neuroblasts. Red “X”’s within the diagram indicate no genetic interaction. Within the early unit (green box), we identified three new tTFs: Opa, Erm and Oaz. Hth does not activate Erm or Opa. Furthermore, Opa does not repress Hth or activate Erm. Within the middle unit (red box), we identified three new temporal factors: Homeobrain (Hbn), Scarecrow (Scro) and Opa. Opa is not inhibited by D or BarH1. Oaz is also not inhibited by D or BarH1. Within the late unit (blue box) we identified one new temporal factor: BarH1. Tailless (Tll) is not necessary to inhibit BarH1. (b) In cells expressing hth RNAi driven by Vsx-Gal4 (GFP: green), Opa expression is not affected, indicating that Hth does not activate Opa. (c) Erm is unaffected in cells expressing hth RNAi driven by Vsx-Gal4 (GFP: green). Hence, Hth does not activate Erm. (d) In opa mutant clones (GFP: green), Hth and Erm expression are unaffected, indicating that Opa does not inhibit Hth and does not activate Erm. (e) In opa mutant clones (GFP: green), Ey expression is delayed, indicating that Opa helps to time the expression of Ey. (f–j) In cells expressing Oaz RNAi driven by Vsx-Gal4 (GFP: green), (f) Hth, Ey, Slp, (g) Opa, (h) Erm, Hbn, Tll, (i) Scro, D, and (j) BarH1 are unaffected, indicating that Oaz does not regulate their expression. (k) Scro knock-down upon expression of scro RNAi (GFP: green) does not affect the expression of Hbn or Slp, as was expected given that Scro is coexpressed with both (see Fig. 2). (l) In negatively marked D mutant clones, the expression of Opa is unaffected, indicating that D does not inhibit Opa. (m) Similarly, in negatively marked D mutant clones, the expression of Oaz is unaffected, indicating that D does not inhibit of Oaz. (n) In Tll mutant clones (GFP: green), neither D nor BarH1 expression are affected, indicating that Tll is not necessary to inhibit either factor. (o-q) In cells expressing RNAi against BarH1, (o) Opa, (p) Oaz, and (q) D are unaffected, indicating that BarH1 does not regulate their expression. Scale bars: 10 µm.


Extended Data Fig. 6 Additional genetic interactions between tTFs.
(a) Diagram of genetic interactions between tTFs in medulla neuroblasts. Magenta dashed arrows within the diagram indicate genetic interactions determined with misexpression of tTFs that confirm previous results from MARCM and knock-down experiments. Orange dashed arrows indicate genetic interactions uncovered with misexpression experiments. Blue dashed arrows indicate genetic interactions determined with misexpression experiments that are opposite to previous MARCM or knock-down experiments. (b) Left: In opa mutant clones (GFP: green), Oaz is not expressed, suggesting that Opa is necessary for the activation of Oaz. Right: Accordingly, oaz neurons are lost in opa mutant clones. (c) Slp inhibits the expression of Oaz. In slp mutant clones (GFP: green), Oaz remains expressed in older neuroblasts. (d) In cells misexpressing Hth driven by Vsx-Gal4 (GFP: green), Erm expression is not affected, indicating that Hth does not activate Erm. (e) In cells misexpressing Hth driven by Vsx-Gal4 (GFP: green), Opa expression is not affected, indicating that Hth does not activate Opa. (f) In cells misexpressing Ey driven by Vsx-Gal4 (GFP: green), Hbn expression is activated and Scro expression repressed. (g) In cells misexpressing Hbn driven by Vsx-Gal4 (GFP: green), Slp expression is not activated earlier. White arrowhead indicates low levels of Hbn protein being misexpressed early compared to adjacent wildtype tissue. (h) In cells misexpressing Scro driven by Vsx-Gal4 (GFP: green), D expression is not activated earlier. White arrowhead indicates low levels of Scro protein being misexpressed early compared to adjacent wildtype tissue. (i) In cells misexpressing D driven by Vsx-Gal4 (GFP: green), both Scro and BarH1 expression are repressed. (j) In cells misexpressing Tll driven by Vsx-Gal4 (GFP: green), both D and BarH1 expression are repressed. Scale bars: 10 µm.


Extended Data Fig. 7 Temporal transcriptions factors are inherited in neurons and regulate neuronal diversity.
(a) UMAP plots showing the expression of all temporal transcription factors in the developing Drosophila optic lobe. (a) Hth maintains its expression in some of their neuronal progeny, such as Mi1, Pm1, and Pm2. (a’) On the other hand, ey, D, erm and Scro not only maintain their expression in some neuronal progeny, but they are also activated independently in neuronal types that come from different temporal windows. Hence, most of them are expressed in both early- and late-born neuronal types (see also Supplementary Table 1). (a’’) Slp1, opa, BarH1, Oaz, and tll do not maintain their transcription in neurons. However, using their expression in GMCs at the root of neuronal branches, we can predict neuronal types that come from these temporal windows (such Tm1, Tm2, and Tm4 for Opa). (a’’’) Finally, hbn is not maintained in neuronal progeny of the Hbn+ neuroblasts, but it is activated independently in later-born neurons (such as T1). Neuronal types that come from the relevant temporal windows are indicated. (b) Expression of temporal transcription factors in neuronal progeny shows that the tTFs are expressed in the newly born progeny of their respective neuroblast temporal window. Time is depicted by the arrow; neurons born from young neuroblasts are on the top of the Figure. Opa-positive neurons are born from young neuroblasts (red), followed by Erm neurons (green). Then, neurons expressing Hbn and Opa can be detected. (red-white). Finally, Scro-positive (blue) and Scro and BarH1-positive neurons (blue-white) are born from older neuroblasts. Single-channel images can be seen in the right panels. (c) Hbn is involved in the generation of neuronal diversity by regulating the expression of downstream transcription factors. In Hbn-mutant MARCM clones (green) neurons expressing Toy, Otd (c) and Tj (c’) are not found. (d) Opa is also involved in the generation of neuronal diversity by regulating the expression of the downstream transcription factor TfAP-2 in some neurons. Opa-mutant MARCM clones (green) have fewer TfAP-2 positive cells (magenta) compared to the adjacent wild-type tissue. Scale bars: 10 µm.


Extended Data Fig. 8 Temporal expression of concentric genes in medulla neurons.
(a) Temporal expression of concentric genes in the medulla cortex. (i-i’’’) Expression (from early to late born) of Bsh, Run, Vvl, Toy and Slp in medulla neurons at L3 stage. Bsh neurons are closer to the medulla neuropil (indicated with dashed line), while Slp neurons (arrowhead) are closer to the surface of the brain (NB layer). Anterior is shown to the right and posterior to the left throughout the Figure. (ii-ii’’’) Expression of Hth, Svp and Toy in medulla neurons at L3 stage. Hth is expressed in the first-born neurons, located closer to the medulla neuropil. Svp is expressed in several laminae along the medulla cortex. Toy is expressed in mid-late born neurons. (iii-iii’’’) Expression of Svp, Forkhead domain 59A (Fd59A) and Hbn in medulla neurons at L3 stage. Svp is expressed in several laminae along the medulla cortex. Fd59A is expressed in mid-late born neurons, some of them (magenta arrowheads) generated before Hbn neurons. Cyan arrowheads denote Lawf1-2 neurons, which have a different origin38. (iv-iv’’’) Expression of Tup, Knot (Kn), and Toy in medulla neurons at L3 stage. Tup is expressed in several laminae of early and late born neurons along the medulla cortex, some of them being born before Kn neurons (iv’). Tup+Toy neurons are the first-born Toy neurons in the ventral side of the medulla (iv’’, arrowhead). Kn neurons are generated before Kn+Toy neurons (iv’’’, arrowhead). (v-v’’’) Expression of Toy, Fkh:GFP and Otd in medulla neurons at L3 stage. Some Toy neurons are generated before Fkh and Otd neurons (E’-E’’). Fkh+Otd neurons (arrowhead) are only found in the posterior tips of the main OPC (E’’’), mainly in the Dpp region, as previously described41. (vi-vi’’’) Expression of Toy, Fd59A and Ets65A:GFP in medulla neurons at L3 stage. Toy and Fd59A expressing neurons are intermingled in the medulla cortex, being coexpressed in specific subregions of the medulla cortex (vi’, arrowheads). Many Toy and Fd59A neurons are generated before Ets65A-expressing neurons (vi’’-vi’’’). (vii) Expression of TfAP-2 and Run in medulla neurons at L3 stage. The first laminae of TfAP-2+Ap+ neurons (NotchON) are intermingled with Run neurons (NotchOFF) (arrowheads), suggesting that they could be sister neurons. (viii) Expression of TfAP-2 and Vvl in medulla neurons at L3 stage. The first laminae of TfAP-2 neurons are generated before Vvl neurons. The second laminae of TfAP-2 neurons are generated after some Vvl neurons. (ix) Expression of TfAP-2 and Toy in medulla neurons at L3 stage. The first laminae of TfAP-2 neurons are generated before Toy neurons. The second laminae of TfAP-2 neurons are intermingled with some Toy neurons. (x) Expression of TfAP-2 and Ets65A:GFP in medulla neurons at L3 stage. All TfAP-2 neurons are born before Ets65A-expressing neurons, except in the cases where both TFs are coexpressed (arrowhead). These neurons are very late born and are the only NotchON medulla neurons that are glutamatergic. (xi) Expression of Vvl and Kn in medulla neurons at L3 stage. Vvl+Ap+ (NotchON) and Kn neurons (NotchOFF) start to be generated at similar times, suggesting that they could be sister neurons. (xii) Expression of Toy and Sox102F in medulla neurons at L3 stage. Toy and Sox102F neurons are mid-late born neurons intermingled in the medulla cortex. Toy and Sox102F are expressed individually or coexpressed in medulla neurons. (xiii) Expression of Toy and Tj in medulla neurons at L3 stage. Toy and Tj neurons are expressed in mid-late born neurons intermingled in the medulla cortex. They are coexpressed in specific subregions of the medulla cortex (arrowhead). (xiv) Expression of Toy and Hbn in medulla neurons at L3 stage. Hbn neurons are generated after some Toy neurons. Scale bars: 10 µm. (b) Concentric genes expressed both early and late in medulla neurons. (i) TFs Seven-Up (Svp), (ii) TfAP-2 and (iii) Tailup (Tup) are expressed in several laminae along the medulla cortex and are expressed in neurons generated in several temporal windows. (c) Notch status of medulla neurons and concentric gene expression. (i) Expression of Bsh and Ap in medulla neurons. All Bsh neurons express Ap. Anterior is to the right and posterior to the left in this and subsequent panels. (ii) Expression of Run and Ap in medulla neurons at L3 stage. None of the Run positive neurons express Ap. (ii’) Expression of Ap and Svp in medulla neurons at L3 stage. None of the Svp positive neurons express Ap. (ii’’) Expression of Ap and Fd59A in medulla neurons at L3 stage. None of the Fd59A positive neurons express Ap. (ii’’’) Expression of Ap and Hbn in medulla neurons at L3 stage. None of the Hbn positive neurons express Ap. (iii) Expression of Ap and Vvl in medulla neurons at L3 stage. Vvl neurons that are earlier born, such as Tm9, express Ap (white arrowhead), while later born Vvl neurons, such as Dm8 and Dm11, do not (magenta arrowhead). (iii’) Expression of Ap and Toy in medulla neurons at L3 stage. Earlier born Toy neurons, such as Dm10, do not express Ap (magenta arrowhead), while later born Toy neurons, such as Tm20, express Ap (white arrowhead). (iii’’) Expression of Ap and TfAP-2 in medulla neurons at L3 stage. First born TfAP-2 neurons, such as Pm1, Pm2 and Pm3, do not express Ap (magenta arrowheads), while later born TfAP-2-expressing neurons, such as Tm1, express Ap (white arrowhead). (iii’’’) Expression of Ap and D in medulla neurons at L3 stage. Earlier born D neurons do not express Ap (magenta arrowhead) and express D in the absence of this tTF in their NBs of origin, while later born D neurons express Ap (white arrowhead) and are generated in the D temporal window. (iii’’’’) Expression of Ap and Ets65A:GFP in medulla neurons at L3 stage. Earlier born Ets65A neurons do not express Ap (magenta arrowhead), while later born Ets65A neurons express Ap (white arrowhead). Scale bars: 10 µm. (d) Medulla clusters. Hierarchical tree relating the average variable gene expression from each cluster of the L3-P15 dataset. Low quality (LQ) clusters or clusters that have a different origin from the medulla side of the OPC neuroepithelium, such as PRs, L neurons, Lawf1-2, LCNs and LPLCs neurons are shown in red.


Extended Data Fig. 9 Neuronal differentiation in flies and humans.
(a) Bsh is expressed almost exclusively in Mi1s and was used to identify the Mi1 clusters. Cluster Mi1 represents the pupal annotated cluster. Cluster L3_23 consists of GMCs that give rise to Mi1s and newly born Mi1s, while cluster L3_53 corresponds to more mature Mi1 cells, as assessed by their proximity to the P15 Mi1 cells. (b) UMAP plot of Mi1 cells at different stages of differentiation from L3 to P70. The expression of ase (b) and bsh (b’) were used to find the beginning and end, respectively, of the L3 trajectory. (c) UMAP plot of Mi1 cells at different stages of differentiation from L3 to P70. L3 and P15 trajectories are elongated, depicting Mi1 cells of different ages. Transcriptomes are then synchronized (compact group of clusters) around P30. (d) UMAP plot showing the trajectory of 3,363 single cell transcriptomes of the developing human cortex (gestational week 19), as generated by Monocle3. The orientation of the trajectory was identified by looking at the expression of marker genes for progenitors, intermediate progenitors and neurons (see panel f). Colors indicate different clusters along the trajectory. (e) UMAP plot focusing on the PAX6-positive single-cell transcriptomes of the developing human cortex (gestational week 19). The radial glia population contains both ventricular radial glia (FBXO32-positive cells) and outer radial glia (HOPX-positive cells). (f) UMAP plot of 3,363 single-cell transcriptomes of the developing human cortex (gestational week 19). The trajectory from progenitors to neurons can be observed by the expression of Pax6 (apical progenitors), Eomes (intermediate progenitors), and NeuroD2 (neurons). The dashed arrow depicts the differentiation trajectory. (g) Differential expression analysis along the trajectory of the cortical neurons identified six modules of genes. Gene Ontology enrichment analysis found the first two modules to be enriched in terms such as cell proliferation (FDR = 10−3) and DNA replication (FDR = 10−44); they likely correspond to the progenitor cells. Then, the third module is enriched in neurite development terms, such as axon guidance (FDR = 10−7), while the fourth one is enriched in terms related with synapse organization (FDR = 10−11). The fifth one contains “functional genes”, such as calcium-dependent exocytosis (FDR = 10−2). The sixth module does not show a clear peak of expression and no GO terms were found to be enriched.


Extended Data Fig. 10 Expression of Drosophila tTFs in mouse neural progenitors.
(a) The mouse orthologs of the Drosophila optic lobe temporal transcription factors are not expressed in specific temporal windows in mouse cortical radial glia during embryonic stages E12–E15, which span their neurogenic period, except for Pax6, which is enriched in young progenitors (two-sided Wilcoxon rank sum test, adjusted p-value = 1.969240e-08). (b) Heatmap of expression of Igf2bp1 and Bach2 (orthologs of Drosophila Imp and chinmo, respectively) in radial glia and neuronal progeny. Igf2bp1 is expressed in young apical progenitors, while Bach2 is expressed in young apical progenitors and neurons that are born by these young progenitors. Source: http://genebrowser.unige.ch/telagirdon/. (c) Violin plots showing the expression of the known temporal factors of the mouse retinal progenitor cells, Ikzf1, Pou2f2 and Casz1, orthologs of the Drosophila VNC temporal transcription factors, hb, pdm and cas, respectively. Pou2f2 is expressed in younger progenitors and Casz1 in older progenitors. We do not see expression of Ikzf1 at these stages, as has been reported before47]. (d) Violin plots showing the expression of the orthologs of the Drosophila optic lobe tTFs in the mouse retinal progenitor cells. The expression of the orthologs of hth (Meis2), opa (Zic5), and D (Sox12) seem to be restricted to embryonic stage 12, while the ortholog of ey (Pax6) is expressed constitutively, as expected. Interestingly, Nr2e1 is expressed just before birth, which is when the retinal progenitor cells start generating Müller glia ortholog; similarly, its ortholog tll also starts to be expressed when the Drosophila medulla neuroblasts become gliogenic.
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