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Abstract 

Molecular profiles of neurons influence neural development and function but bridging the gap between genes, cir-
cuits, and behavior has been very difficult. Here we used single cell RNAseq to generate a complete gene expression 
atlas of the Drosophila larval central nervous system composed of 131,077 single cells across three developmental 
stages (1 h, 24 h and 48 h after hatching). We identify 67 distinct cell clusters based on the patterns of gene expres-
sion. These include 31 functional mature larval neuron clusters, 1 ring gland cluster, 8 glial clusters, 6 neural precursor 
clusters, and 13 developing immature adult neuron clusters. Some clusters are present across all stages of larval devel-
opment, while others are stage specific (such as developing adult neurons). We identify genes that are differentially 
expressed in each cluster, as well as genes that are differentially expressed at distinct stages of larval life. These differ-
entially expressed genes provide promising candidates for regulating the function of specific neuronal and glial types 
in the larval nervous system, or the specification and differentiation of adult neurons. The cell transcriptome Atlas of 
the Drosophila larval nervous system is a valuable resource for developmental biology and systems neuroscience and 
provides a basis for elucidating how genes regulate neural development and function.
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Background
Making sense of any complex system involves identifying 
constituent elements and understanding their individual 
functions and interactions. Neural circuit development 
and function is no exception. While recent advances in 
connectomics [1–9] and live imaging techniques [10–15] 

offer unprecedented information about neural connec-
tivity and activity, these need to be combined with gene 
expression atlases to understand how genes regulate neu-
ral development and function. High-throughput single-
cell RNA sequencing (scRNAseq) offers a way forward by 
providing a molecular-level identity for each cell via its 
transcriptomic profile (Taylor et al., 2021). Importantly, it 
is also scalable to populations of hundreds of thousands 
or millions of cells without incurring exorbitant costs. 
In the fruit fly, efforts are already well underway to pro-
duce connectivity [1–4, 7, 8], activity [11, 13–15], and 
behavior atlases [16, 17] of the nervous system. A major 
challenge is to combine genes, circuits, and behavior. 
Single-cell analyses have been performed in parts of the 
adult [18–20] or the larval nervous system at a single life 
stage [21, 22]. However, a comprehensive transcriptomic 
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atlas of the complete central nervous system from multi-
ple samples and across multiple stages of larval life was 
previously not available.

To this end, we developed a protocol to capture, 
sequence and transcriptionally classify the molecular cell 
types of the entire central nervous system of the Dros-
ophila larva. We did this across 3 different life stages (1 h, 
24 h and 48 h after hatching), providing a developmental 
profile of gene expression. Overall, our analysis reveals 67 
distinct molecularly defined classes of cells in the larval 
nervous systems. We annotated these clusters based on 
the previously known markers. These included 31 distinct 
functional larval mature neuron clusters, 8 glial clusters, 
6 neural precursor clusters and 13 developing immature 
adult neuron clusters. 5 clusters showed an abundance of 
mixed cell type markers and were excluded from further 
analysis. We identified genes enriched in each cell type 
both across distinct life stages and separately, at each life 
stage.

While scRNAseq provides detailed information about 
the transcriptional program deployed by a cell at the time 
of collection, a drawback of the technique is a loss of spa-
tial information. In proof of principle validation experi-
ments, we therefore used a recently developed RNA 
fluorescent in situ hybridization (RNA-FISH) protocol to 
resolve the anatomical location of a molecular cell type in 
the whole larval brain [23].

In summary, our gene expression Atlas for 62 distinct 
cell subtypes of the larval nervous system at 3 distinct 
developmental stages reveals a slew of candidate genes 
that could play a role in the development and function of 
these cell types. In a companion paper in the same issue, 
we explore in more detail the temporal patterns of gene 
expression across stages. Our gene expression Atlas pre-
sented in this study provides a valuable resource for the 
community and a basis for future investigation of molec-
ular mechanisms underlying the development and func-
tion of the nervous system.

Methods
Contact for reagent and resource sharing
Further information and requests for resources and rea-
gents should be directed to and will be fulfilled by the 
Lead Contact, Marta Zlatic (zlaticm@janelia.hhmi.org).

Fly stocks
Drosophila larvae were grown on standard fly food at 
25  °C and kept in 12-h day/night light and dark cycle. 
Vials were timed by collecting eggs on a new food plate 
over the course of one hour.

Please see Supplementary Table 2 for Drosophila lines 
used in this study.

Single cell isolation
Drosophila larvae were dissected at 1  h, 24  h, 48  h, or 
96  h after larval hatching (ALH). All dissections were 
performed in a cold adult hemolymph solution (AHS) 
with no calcium or magnesium at pH 7.4. Quality of 
single cell isolation was investigated by visual inspec-
tion with compound and confocal microscopy. Samples 
were placed on ice during waiting periods. Samples were 
isolated and run on the 10 × Chromium Single Cell 3’ 
immediately after cell dissociation.

First, the complete central nervous system (CNS) was 
dissected from every animal. The dissected nervous 
systems were kept in cold AHS on ice. For those sam-
ples where the brain and the ventral nerve cord (VNC) 
were sequenced separately, the separation of the brain 
from the VNC was performed using fine-tipped forceps 
and MicroTools (Cat #: 50–905-3315, Electron Micros-
copy Sciences). The time from digestion (the part of 
the protocol most likely to induce cell stress) to on the 
10 × Genomic instrument was never longer than 30 min.

After separation of the brain from the VNC, the desired 
tissue was placed in 18 μL of AHS on ice. Once all sam-
ples were prepared, 2 μL of 10 × neutral protease (Cat #: 
LS02100, Worthington Biochemical Corp, Lakewood, NJ, 
USA) was added to a final volume of 20 μL. The intact 
brain tissue was digested for 5 min. The tissue was then 
transferred to a fresh drop of 20 μL of AHS.

Each sample was disaggregated with a clean, thinly 
pulled glass electrode until no tissue was visible under 
a dissection microscope. All debris (pieces of nerve and 
undigested tissue) were removed. Samples with fluores-
cent markers were observed under a fluorescence micro-
scope to approximate cell density. The samples were then 
loaded onto the 10 × Chromium chip.

10X Genomics
Single cell capture and library construction was per-
formed using the 10 × Chromium microfluidic device 
and the Chromium Single Cell 3’ v2 Library and Gel Bead 
Kit (10 × Genomics, Pleasanton, CA). Manufacturer’s 
recommendations were followed for cell collection and 
library preparation. Samples were sequenced with an 
Illumina HiSeq following manufacturer’s instructions.

mRNA in situ hybridization
FISH probes were designed based on transcript 
sequences using the online Stellaris Designer and pur-
chased from Biosearch Technologies. The probe is 
18-22nt long with a 3’ end amine-modified nucleotide 
that allows directly couple to an NHS-ester dye according 
to the manufacturer’s instructions (Life Technologies). 
Dye-labeled probe was separated from the excess free 
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dyes using the Qiagen Nucleotide Removal Columns. 
FISH protocol was described previously (Long et  al,. 
2017; [24]. The brains of 3rd instar larvae were dissected 
in 1xPBS and fixed in 2% paraformaldehyde diluted 
PBS at room temperature for 55 min. Brain tissues were 
washed in 0.5% PBT, dehydrated, and stored in 100% eth-
anol at 4 °C. After exposure to 5% acetic acid at 4 °C for 
5 min, the tissues were fixed in 2% paraformaldehyde in 
1xPBS for 55 min at 25 °C. The tissues were then washed 
in 1 × PBS with 1% of NaBH4 at 4 °C for 30 min. Follow-
ing a 2 h incubation in prehybridization buffer (15% for-
mamide, 2 × SSC, 0.1% Triton X-100) at 50 °C, the brains 
were introduced to hybridization buffer (10% formamide, 
2 × SSC, 5 × Denhardt’s solution, 1  mg/ml yeast tRNA, 
100  μg/ml, salmon sperm DNA, 0.1% SDS) containing 
FISH probe at 50  °C for 10  h. and then at 37  °C for an 
additional 10  h. After a series of wash steps, the brains 
were dehydrated and cleared in xylenes.

Confocal and BB‑SIM Imaging
For confocal imaging, the tissues were mounted in DPX. 
Image Z-stacks were collected using an LSM880 confo-
cal microscope fitted with an LD LCI Plan-Apochromat 
25x/0.8 oil or Plan-Apochromat 63x/1.4 oil objective 
after the tissue cured for 24 h. For single-molecule imag-
ing, we use a previous described Bessel beam selective 
plane illumination microscope (BB-SIM). Detail con-
struction of microscope and the imaging procedure was 
described previously [23]. Briefly, this BB-SIM is engi-
neered to image in medium matched to the measured 
refractive index (RI) of xylene-cleared Drosophila tissue 
with axial resolution of 0.3 µm and lateral resolution of 
0.2 µm. For BB-SIM imaging, the tissues were mounted 
on a 1.5 × 3  mm poly-lysine coated coverslip attached 
to a 30 mm glass rod. The imaging process requires the 
objectives and tissues immersed in the imaging medium 
consist with 90% 1,2-dichlorobenzene, 10% 1,2,4-trichlo-
robenzene with refractive index = 1.5525. Two orthogo-
nally mounted excitation objectives are used to form 
Bessel beams, which are stepped to create an illumina-
tion sheet periodically striped along x or y, while a third 
objective (optical axis along the z direction) detects fluo-
rescence. To employ structured illumination analysis, we 
collect multiple images with the illumination stripe pat-
tern shifted to tile the plane in x, and repeat the process 
orthogonally to tile the plane in y. The sample is then 
moved in z, and the imaging repeated, and so on to image 
the 3D volume.

Single cell bioinformatic analysis pipeline
Expression matrix generation
Cell by count matrices for each sample were obtained 
with Cell Ranger software (Version 1.3.1, 10 × Genomics, 

Pleasanton, CA, USA) and analyzed with the R package 
Seurat [25] in a reproducible environement generated by 
Guix with all necessary packages by running “guix envi-
ronment -N –ad-hoc -m environement.scm”. The code 
and the environement description file can be accessed at 
https:// github. com/ histo nemark/ Brain seq_ code.

Cell Ranger was used to perform sample demultiplex-
ing, genome alignment, read quality filtering, and quan-
tification. The output was a cell-by-features matrix of 
counts for each individually indexed and sequenced 
sample.

Quality control, individual sample processing and integration
In order to analyze the samples coming from differ-
ent dissections and development age and remove batch 
effects coming from different sequencing runs we inte-
grated the samples to a shared reduced dimensional 
space using the reciprocal PCA pipeline implemented 
in Seurat. Briefly, each sample was read as Seurat object 
and quality filtered retaining all cells with more than 200 
genes detected and with a mitochondrial gene content 
below 20%. Each sample was individually lognormalized 
and its top 5000 variable genes selected. In order to find 
the matched expression states across samples 5000 fea-
tures where used. Prior to integration each sample was 
individually scaled and its dimensionality reduced to the 
first 100 principal components. The anchors for integra-
tion were selected among the first 50 principal compo-
nents for the 5000 features previously selected. Finally 
the reciprocal PCA integration was computed for the 
first 50 principal components.

Unsupervised clustering and annotation
After integration, all samples were analyzed together with 
the “standard Seurat workflow” for non conventional, 
non integrated samples: The expression of all genes was 
scaled, a principal component dimensionality reduction 
was computed and the first 50 components retained. 
Unsupervised cell classification was achieved with the 
Seurat FindNeighbors algorithm across the 50 principal 
components previously calculated. Clusters from this 
classification were obtained with the Seurat FindClusters 
algorithm on the 50 principal components and the reso-
lution parameter fixed at 2. For cluster visualization pur-
poses a two-dimensional reduction was calculated with 
UMAP on the same 50 principal components.

To annotate the identity of the discovered clusters we 
calculated their differential gene expression with the 
Seurat command FindAllMarkers changing the default 
parameters logfc.threshold to 0.1, min.pct to 0.1, min.diff.
pct to 0.1, the return.thresh to 0.0501 and retained only 
positive enrichments changing only.pos to TRUE. Sup-
plementary spreadsheet 2 contains the list of markers 

https://github.com/histonemark/Brainseq_code
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per cluster obtained. Cluster identity was ascertained 
by manual inspection of previously described cell-type 
markers as top hits for each particular cluster. A list of 
all the markers used and the literature references grant-
ing their use as cell type specific is summarized in Sup-
plementary Spreadsheet 19.

Novel cell‑type specific gene discovery
Dotplots detailing the expression makeup of particular 
cell types were generated in main figures for the top 60 
cell-type enriched genes after filtering for genes with an 
average log2 fold change greater than 1 and only if pre-
sent in more that 19% of the cells of the category tested. 
For visualization purposes the cell types of interest were 
always positioned in the bottom of the Y-axes. The dot-
plots containing all genes passing the aforementioned 
thresholds are included as Supplementary figures.

Temporal expression
To calculate differential gene expression per cluster and 
stage, we iteratively applied the Seurat function FindAll-
Markers to each cluster after segregating its cells by stage 
(i.e. 1 h, 2 h or 48 h). The parameters were identical to the 
ones used in cluster annotation discussed above.

Differential expression among subclasses or superclasses
To identify gene expression differences between closely 
related cell types, we subset the classes and re-run the 
FindMarkers algorithm to increase the power and detect 
genes that differentiate the subclasses of interest. For 
example, for mature neuron markers, we created a new 
subset containing only mature neurons and aggregated 

same neuron types (Cholinergic, GABAergic etc.) under 
the same class.

Conversely all major cell-types (Mature neurons, 
Immature neurons, NPCs, Glia etc.) were aggregated 
before running the FindMarkers algorithm to facili-
tate the discovery of cell type markers at a lower level of 
granularity.

Results
Single cell transcriptomics atlas of the Drosophila larval 
central nervous system
To build a complete transcriptomic Atlas of the lar-
val central nervous system (CNS) we captured cells at 
3 distinct time points in development (1 h., 24 h., 48 h. 
after larval hatching) and for three kinds of nervous sys-
tem dissections (full CNS, brain only and ventral nerve 
cord (VNC) only, Figs. 1, 2, 3, 4, 5 and 6, Supplementary 
Fig. 1 and Supplementary Spreadsheets 1, 2, 3, 4, 5, 6, 7, 
8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 and 21). We 
dissected out either the entire CNS, or just the brain or 
the VNC manually, dissociated the cells and sequenced 
their mRNA. In total we sequenced 131,077 cells that 
passed quality control. (See Supplementary Spreadsheet 
1 for breakdown of samples for specific time points and 
tissues).

To enable the direct comparison of cellular states 
across stages and dissections we integrated all sam-
ples to a common reduced dimensional space with the 
reciprocal PCA algorithm implemented in the R pack-
age Seurat [26]. After integration, the joint analysis fol-
lowed the standard pipeline implemented in Seurat: 
quality control, read-depth normalization, expression 
scaling, highly variable feature selection, dimensionality 

Fig. 1 Generation of an integrated single-cell atlas of larval cell types across time and tissues. a Experimental and analysis pipeline summary. In order 
to generate an expression atlas across time and tissues, we dissected central nervous systems from larvae aged 1 h, 24 and 48 h post-hatching. 
Given the different neuron numbers present in the brain and ventral nerve cord (VNC), some dissections were exclusively brain or VNC. Refer 
to Supplementary table 1 for the concrete origin of each sample. Each dissection was treated as an idependent sample. We used 10XGenomics 
microfluidic technology for single-cell barcoded library generation followed by deep sequencing. We subsequently used Cell Ranger to generate 
cell by gene count matrices and the R package Seurat to integrate all samples to a common gene expression space allowing their joint analysis. 
b All-stages, all-tissues integrated UMAP plot. UMAP representation of the CNS cell type diversity discovered after reciprocal-PCA integration, 
dimensionality reduction and unsupervised clustering with Seurat. In this 2D representation each dot represents a cell and their distribution in 
space is a function of their similarity in gene expression profile. Each cluster is color and number coded as depicted in the accompanying legend. 
In order to characterize the cell-type identity resulting from the unsupervised clustering we ran differential gene expression in Seurat. Each cluster 
identity was annotated after inspection of the presence of previously described cell-type markers. MLNs: Mature Larval Neurons, Ch: Cholinergic 
Neurons, KC: Kenyon Cells, GA: Gabaergic Neurons, Glu: Glutamatergic Neurons, MN: Motorneurons, Pt: Peptidergic Neurons, DA: Dopaminergic 
Neurons, Ser: Serotoninergic Neurons, OA: Octopaminergic Neurons, UN: Unknown Neurons, IAN: Immature Adult Neurons, NPs: Neuroprecursors, 
Ep/NPs: Epithelia/ Neuroprecursor, G: Glia, Hm: Hemocytes, RG: Ring Gland. c Feature plots for the marker distribution separating major CNS cell-types 
in UMAP space. Mature neurons, i.e. larval functional neurons, express UAS-GFP under the pan-neuronal driver nSyb-GAL4. Immature neurons 
show high headcase (hdc) expression. Neuro-precursor cells are marked by Notch (N). The different glial classes express fatty acid binding 
protein (fabp), hemocytes are marked with Secreted protein, acidic, cysteine-rich (SPARC) while the ring gland can be differentiated by spookier 
(spook) expression. d Dotplots depicting the 20 topmost selectively enriched markers for Mature Larval Neurons, Immature Adult Neurons and 
Neuro-precursor cells. e Dotplots depicting the 20 topmost selectively enriched markers for Glia, Hemocytes and the ring gland. In each dotplot, 
the centered mean expression of a gene for each class is calculated and given a color ranging from blue (lowest expression) to red (highest 
expression), with white corresponding to 0. In this fashion different genes can be compared by their relative expression in the classes depicted 
irrespective of their absolute expression levels. The diameter of each dot is proportional to the number of cells expressing that gene in the class

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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reduction and clustering based on gene expression simi-
larity followed by a 2-dimensional representation with 
the Uniform Manifold Approximation and Projection 
algorithm (UMAP). (Fig.  1b) [26]. We could therefore 
analyze the same clusters across all stages and regions, 
either pooled (Figs. 1, 2, 3, 4 and 5, Supplementary Fig. 1 
and Supplementary Spreadsheet 2), or separately for each 
stage (Fig. 6 and Supplementary Spreadsheet 3) and tis-
sue (Supplementary Fig.  1, 2 and 3 and Supplementary 
Spreadsheets 4, 20 and 21).

Clustering of all cells revealed 67 different clusters 
(Fig.  1b). For each cluster, we identified all genes that 
were significantly differentially expressed in that cluster, 
relative to all other clusters (Supplementary Spreadsheets 
2 and 6). We were able to identify and annotate 62 clus-
ters based on their differential expression of previously 
known markers (Fig.  1b). The clusters fell into several 
very separate broad groups on the UMAP plot (Fig. 1b). 
One group comprised clusters of mature larval neurons; 
one comprised neural precursor cells (NPs) and develop-
ing adult immature neurons (IANs); one comprised glial 
cells (G) and ring gland cells (RG); and one comprised 
hemocytes (Hm, Fig. 1b-c). We also identified genes that 
were differentially expressed between these major groups 
(Fig. 1d-e).

The majority of neurons that participate in func-
tional larval circuits and mediate larval behaviour are 
born from neural precursor cells (NPs) during embry-
onic development [27]. For a few of the larval neuronal 
cell types, such as the Kenyon cells (KCs) of the mush-
room body (MB), new neurons are added during larval 
life [1],Pauls et  al., 2010). We identified the functional 
mature larval neuron clusters (MLNs) based on their 
expression of classical neuronal markers, such as the 
sodium channel (para), and the component of neuro-
transmitter vesicle release machinery (n-synaptobrevin, 
nSyb, Fig.  1c-d, Supplementary Fig.  4 and Supplemen-
tary Spreadsheet 2) [28, 29]. In case some of these neu-
ronal markers are expressed at very low levels, we had 
also expressed GFP under the control of the n-Syb pro-
moter (nsyb-GAL4, UAS-GFP) in all our samples since 
the GAL4/UAS system [30, 31] amplifies expression 
(Fig. 1c-d and Supplementary Spreadsheets 6, 7, 8, 9, 10, 
11 and 12, see Supplementary Table for fly stocks). We 
reasoned that the presence of the GFP transcript would 
confirm the identification of differentiated neuron clus-
ters. Indeed, GFP was highly differentially expressed in 
29 clusters. 27 of these clusters also expressed para. We 
labeled all 31 clusters that differentially expressed GFP 
(under nsyb promoter) and/or para, as clusters of func-
tional mature larval neurons (MLNs, Fig.  1b-d, Sup-
plementary Spreadsheet 5). Most of these clusters also 
differentially expressed endogenous nSyb, although at 

lower levels than GFP (which is amplified by the GAL4/
UAS system). Our analysis identified further markers 
that were highly differentially expressed in mature lar-
val neurons compared to other cell types in the nerv-
ous system (Supplementary Spreadsheets 2 and 5). In 
Fig. 1d, we show the top 20 genes with greatest differ-
ential expression (more than two-fold enrichment and 
expressed in more than 19% of the cells in those clus-
ters) in mature larval neurons. These include a number 
of uncharacterized genes, such as CG31221, CG11000, 
and CG32052.

After hatching NPs remain quiescent for a while, but 
during larval life (mostly from early  2nd instar and in 
some cases earlier than that) they start dividing again 
and producing new neurons that will become part of the 
adult nervous system [32, 33]). These developing imma-
ture adult neurons (IANs) are never integrated into 
functional larval circuits and do not contribute to larval 
behaviour, but they grow and elaborate parts of their pro-
jections, which they complete during pupation [34]. We 
identified 6 NP clusters and 13 immature adult neuron 
clusters (The NP clusters were identified based on their 
differential expression of notch (N, Fig. 1c-d and Supple-
mentary Spreadsheets 2, 6 and 7, [35] and Pendulin [36]. 
Immature adult neurons were identified based on their 
highly differential expression of headcase (hdc) and/or 
cibulot (cib) [21], Fig.  1c-d and Supplementary Spread-
sheets 2, 6 and 8). We identified a number of additional 
genes differentially expressed in immature adult neurons 
and NPs compared to fully differentiated neurons and 
other cell types (Supplementary Spreadsheets 2 and 6) 
and show top 20 genes that had the greatest enrichment 
in these classes in Fig. 1d.

Several types of non-neuronal clusters were also pre-
sent in our dataset. 8 different clusters containing glia 
were identifiable based on their differential expression 
of fabp (Fig.  1c and 1e and Supplementary Spreadsheet 
2) and of well-characterized markers for distinct types 
of glia, such as wrapper or alrm (Fig. 1e, 4a-e and Sup-
plementary Spreadsheet 2 and 6, [37]. The classical 
cytogenetic marker of glia, reversed polarity (Repo) was 
detectable and specific for glia (Supplementary Fig.  5) 
but in accordance with previous larval scRNA-seq stud-
ies, exhibited sparse expression (Avalos, C.B. et al. 2019). 
A cluster of ring gland cells was identified based on dif-
ferential expression of markers such as spok and sad 
(Fig.  1b-c, 1e and Supplementary Spreadsheet 2 and 6) 
[38]. 3 clusters containing hemocytes were identified 
based on expression of known markers, such as SPARC  
and MetA (Fig. 1b-c and e) [39, 40]. Genes differentially 
expressed in these classes of cells are also shown in Sup-
plementary Spreadsheets 2 and 6 and Fig. 1e (top 20 with 
greatest enrichment).
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Next, we analyzed in more detail individual clusters 
within each of the major categories above: mature larval 
neurons, glia, developing adult immature neurons and 
neural precursors.

Identification of mature larval neuron clusters and their 
differentially expressed genes
We were able to identify most of the individual mature 
larval neuron clusters, based on their differential expres-
sion of specific neurotransmitters or neuropeptides and 
other previously reported markers (Figs.  1b and 2a-b, 
Supplementary Fig. 6, 7, 8, 9, 10, 11 and 12 and Supple-
mentary Spreadsheets 2, 5 and 6).

Six out of the 31 clusters did not differentially express 
any know neuron-type specific markers, so we called 
them unknown neurons (UN). This could be due to the 
relative shallowness of our sequencing resulting in a fail-
ure to detect genes that are expressed at low levels, or due 
to their expression of some unknown neurotransmitters.

Twelve clusters contained neurons that differentially 
expressed fast neurotransmitters (Fig. 2a-b, Supplemen-
tary Fig.  6, 7, and 8 and Supplementary Spreadsheet 2 
and 5). Seven clusters expressed VAChT and therefore 
contained cholinergic neurons (Ch) [41], Supplementary 
Fig. 6). Three clusters expressed VGlut and therefore con-
tained glutamatergic neurons (Glu) [42], Supplementary 

Fig. 2 Mature neurons subclass analysis. a UMAP plot of mature neuron classes. A close-up look on mature neurons in UMAP space shows the 
subdivision of larval mature neurons in neurotransmitter (Cholinergic, Gabaergic, Glutamatergic, Peptidergic, Monoaminergic) and functional 
classes (KCs, Motorneurons). Glutamat.: Glutamatergic Neurons, Kcs: Kenyon Cells, Undetermin.: Undetermined Neurons, Dopamin.: Dopaminergic 
Neurons, Serotonin.: Serotoninergic Neurons, Octopamin.: Octopaminergic Neurons. b Dotplot depicting the topmost selectively enriched markers 
for each mature neuron class. Cholin.: Cholinergic Neurons, Kcs: Kenyon Cells, Gaba.: Gabaergic Neurons, Glut: Glutamatergic Neurons, Motor.: 
Motorneurons, Pepti.: Peptidergic Neurons and Monoam.: Monoaminergic Neurons
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Fig.  7). One cluster had a very different pattern of gene 
expression from the other two and contained motor 
neurons (MNs) since it also differential expressed twit 
(Fig. 2b and Supplementary Spreadsheet 2, 5 and 6 [43]. 
2 clusters expressed Gad1 and were therefore annotated 
them as GABAergic (Supplementary Fig. 8 [44].

Three clusters were very segregated in the UMAP rep-
resentation from other neuronal clusters and differen-
tially expressed well known KC markers, such as Dop1R2, 
rutabaga and prt (Figs.  2a-b and 3a-d, Supplementary 
Spreadsheet 2, 5 and 6) [45, 46]. KCs are essential for 
associative memory formation and storage in insects [47] 
and are discussed in more detail in a separate section 
(Fig. 3a-d).

Monoaminergic neurons (MA) also play a key role in 
learning in the fly by providing the teaching signals for 
memory formation [48, 49],Selcho et  al., 2014). We 
observed 5 different clusters of monoaminergic neu-
rons with differential expression of Vmat (Fig.  2a-b, 
Supplementary Fig.  9, 10 and 11 and Supplementary 
Spreadsheets 2, 5 and 6 [50]: 2 octopaminergic (OA, 
differentially expressing Tdc2, Tbh) [51, 52], 2 seroton-
ergic (Ser, differentially expressing SerT and Trh) and 1 
dopaminergic (DA, differentially expressing DAT and ple 
(Supplementary Fig. 9, 10 and 11, Supplementary Spread-
sheets 2 and 5) [53–55].

We further observed 4 distinct clusters of peptidergic 
neurons (Pt) that differentially expressed specific neuro-
peptides as well as Phm (Fig. 2a-b, Supplementary Fig. 12 
and Supplementary Spreadsheets 2 and 5) [56]. 1 cluster 
(44) was very similar to the other 4 peptidergic clusters 
and also differentially expressed Phm, so we identified it 
as a putative peptidergic cluster, even though we could 
not detect differential expression of any known neuro-
peptides in this cluster.

In addition to these well-characterized neuron-type 
marker genes, we identified multiple genes whose expres-
sion was significantly enriched in each mature neuron 
cluster, compared to all other clusters (Supplementary 
Figs. 6, 7, 8, 9, 10, 11 and 12, Supplementary Spreadsheet 

5). Many of these are CGs with unknown functions and 
provide interesting candidates for future studies.

Since neurons separated into distinct clusters based 
on their neurotransmitter expression, we wanted to 
identify further candidate genes that distinguish the 
major neurotransmitter classes. We therefore pooled 
clusters into several broader classes based on neu-
rotransmitter expression (cholinergic, glutamatergic 
(non MN), GABAergic, monoaminergic, peptidergic, 
MN and KCs). KCs and MNs were so different from 
other larval neuron clusters in terms of gene expres-
sion and were very segregated in the UMAP location 
that we left them as separate classes and we did not 
pool them with other cholinergic or glutamatergic 
neurons [57, 58]. We then searched for genes differ-
entially expressed between these major neuron classes 
(Fig.  2b and Supplementary Spreadsheet 5). We iden-
tified multiple genes whose expression was enriched 
more than two-fold in cholinergic, GABAergic, gluta-
matergic, peptidergic and monoaminergic neurons (the 
most differentially expressed genes for each subtype 
are shown in Fig. 2B). Some of these were differentially 
expressed only in a single neuron class, similar to the 
genes involved in neurotransmitter synthesis and trans-
port. Thus, CG31221, CG46448, CG14274 were highly 
differentially expressed in cholinergic, glutamatergic 
and MN clusters respectively. CG14989 and CG32225 
were selectively enriched in GABAergic neurons. Inter-
estingly, CG14989 shares a promoter region with Gad1 
(and the two are transcribed in different directions) 
with which it is tightly correlated in terms of expres-
sion, raising the possibility that their transcription 
could be co-regulated. C. elegans homolog of CG32225 
(unc-46) is known to regulate GABAergic transmission 
[59].

Monoaminergic clusters were the only ones that dif-
ferentially expressed CG2269. CG11317 was differentially 
expressed only in one cluster of serotonergic neurons. 
CG12239, CG14331, CG30053, CG13408, CG15537 
and CG12541 were selectively differentially expressed in 

Fig. 3 Connectome-consitent Kenyon Cell subtypes. Connectomic and developemental studies in Drosophila have established the temporal 
generation of morphologically distinct KCs during the larval stage. In agreement with this, the unsupervised clustering algorithm detected different 
KC clusters with different expression profiles. a UMAP plot of the Kenyon Cells clusters separated by stage. The cluster number corresponds to the 
numbering given in Fig. 1b. 1 h, 24 h, 48 h, refer to age in hours post hatching and prior to dissection. Each KC cluster comes from a different 
number of samples at each stage, the table shows the normalised the number of cells per stage at each stage. b Connectome KC cell types. 
Analysis of connectivity patterns among the larval KC population allowed their segregation in 3 morfological classes: 1/2-claw, 3 + -Claw and young. 
The matrix depicts the number of connections of all KC of the same and contralateral hemishpheres for each KC grouped by type. The intensity of 
blue of each matrix entry is proportional to the number of connections among 2 particular KCs. The bottom shows the volumetric reconstruction 
of the 3 classes of Kenyon Cells. c Dotplot depicting the topmost enriched KC markers compared to the other mature neuron clusters. KC: Kenyon 
Cells, Chol N: Cholinergic Neurons, Gaba N: Gabaergic Neurons, Glut N: Glutamatergic Neurons, Moto N: Motorneurons, Pept N: Peptidergic Neurons, 
Dopa N: Dopaminergic Neurons, Sero N: Serotoninergic Neurons, Octo N: Octopaminergic Neurons, Undet N: Undetermined Neurons. d Dotplot 
depicting the topmost enriched KC markers differentially expressed among the three KC clusters discovered in this study. KC: Kenyon Cells. 
Numbering as in Fig. 1b

(See figure on next page.)
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Fig. 3 (See legend on previous page.)
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specific peptidergic clusters (Fig. 2B and Supplementary 
Spreadsheets 2 and 5).

We also wanted to identify all the genes whose expres-
sion distinguishes clusters of neurons that express the 
same neurotransmitter. Some genes were highly selec-
tively enriched only in one or in very few specific clus-
ters of the same neurotransmitter, compared to all other 
mature neuron clusters (Supplementary Fig.  13, 14, 15, 
16, 17 and 18 and Supplementary Spreadsheets 7, 8, 9, 10, 
11, 12, 13, 14, 15 and 16).

For example, the transmembrane Dpr interacting mole-
cule, DIP-zeta, implicated in selective synaptogenesis was 
exclusively enriched in a single cholinergic cluster (cl. 1, 
Supplementary Fig.  13 and Supplementary Spreadsheet 
9) [60]. A number of other DIPs or Dprs were also found 
to be differentially expressed in specific combinations 
of clusters (Supplementary Spreadsheet 9). The neuro-
peptide space blanket (spab) was highly differentially 
expressed in 2 of the cholinergic clusters (Supplementary 
Fig. 13 and Supplementary Spreadsheet 9) [61]. The zinc-
finger transcription factors disco and disco-r were selec-
tively enriched in the cholinergic cluster 39, and Oaz in 
cluster 45 and could potentially play a role in the specifi-
cation of these cholinergic neuron types (Supplementary 
Fig. 13 and Supplementary Spreadsheet 9) [62–64].

The GATA family transcription factor grain (grn) was 
selectively differentially expressed in the glutamatergic 
cluster 25 (and the peptidergic cl. 44, Supplementary 
Fig. 14 and Supplementary Spreadsheets 2 and 11) [65].

In accordance with previous scRNAseq studies in adult 
[18, 19, 66] and larvae (Avalos, C.B. et al. 2019) we find 
neurons co-expressing two or three neurotransmitters 
(Supplementary Fig. 15 and Supplementary Spreadsheet 
2). Understanding the significance of this phenomenon 
will require further functional studies.

Some of the markers that best distinguish individual 
clusters with the same neurotransmitter are also dif-
ferentially expressed in other neurotransmitter classes. 
Such genes could nevertheless uniquely specify the iden-
tity of individual clusters in combination with a neuro-
transmitter gene. We therefore also identified genes that 
are differentially expressed among individual clusters 

of the same neurotransmitter phenotype (Supplemen-
tary Fig. 12, 13, 14, 15, 16, 17 and 18 and Supplementary 
Spreadsheets 9, 10, 11, 12, 13, 14 and 15).

These types of genes whose expression is enriched in 
a specific cluster compared to other clusters of the same 
neurotransmitter could be involved in the specification 
or function of specific neural types and provide interest-
ing candidates for follow up studies.

Transcriptomics reveals distinct larval KC types consistent 
with the connectome
We identified 3 distinct clusters of Kenyon cells, based 
on the expression of previously reported markers, such 
as rut, DOP1R2, DOP1R1, prt, and mub (Fig.  3a-c and 
Supplementary Spreadsheet 2) [42, 45–, 67–71]. In total, 
we found more than 90 differentially expressed genes 
with a more than twofold enrichment in the KCs clus-
ters, including 17 CGs with previously unknown func-
tions (Supplementary Spreadsheet 2). Some of these 
genes were fairly selectively expressed, either in all KC 
clusters, or in specific KC clusters, but not in many other 
mature neuron classes. For example, the actin-binding 
protein, sals was differentially expressed only in KC clus-
ters (Fig. 3c and Supplementary Spreadsheets 2 and 15) 
[72]. The predicted integral membrane protein, CG32647 
was selectively differentially expressed only in KC clus-
ters 12 and 59. The MADS-box family of transcription 
factor, Mef2, was highly differentially expressed in KCs 
and less so in one other cholinergic cluster (4). Mef2 has 
been shown to be expressed in adult MB and its ortho-
logue has been implicated in learning and memory in 
the mouse [73]. The isoprenyl pyrophosphate synthase, 
quemao (qm), was highly selectively expressed in all KC 
clusters (and in one hemocyte cluster) [74]. The tran-
scriptional cofactor dachshund, was expressed in KCs 
and in one peptidergic cluster [75]. These types of genes 
whose expression is highly enriched in KCs provide inter-
esting candidates for potential involvement in learning 
and memory in the larval mushroom body.

Larvae were generally thought to have just one type 
of KCs, the gamma KCs. However, a recent connectome 
of the  1st instar Drosophila larval MB revealed that KCs 

(See figure on next page.)
Fig. 4 Glia subclass analysis. Glial cells are an heterogeneous population composed of morphologically and functionally distinct cells. Accordingly 
our atlas revealed clearly differentiated clusters occupying the same UMAP subspace owing to their common origin and expression profile. 
a UMAP plot of the glial subclasses color and number coded. The numbering corresponds to Fig. 1b. Inlet: Fabp positive feature plot indicating the 
origin of the glial clusters from atlas UMAP. b Atrocyte glial markers dotplot comparing their expression to the rest of glial subclasses. Bottom rows 
(cluster numbers 58, 50 correspond to Astrocyte glia). The numbering of the clusters is the same as in Fig. 1b. c Ensheathing glial markers dotplot 
comparing their expression to the rest of glial subclasses. Bottom rows (cluster numbers 35, 38 correspond to Ensheathing glia). The numbering of 
the clusters is the same as in Fig. 1b. d Cortex glial markers dotplot comparing their expression to the rest of glial subclasses. Bottom rows (cluster 
numbers 26, 27, 52 correspond to Cortex glia). The numbering of the clusters is the same as in Fig. 1b. e Surface glial markers dotplot comparing 
their expression to the rest of glial subclasses. Bottom rows (cluster number 55 corresponds to Surface glia). The numbering of the clusters is the 
same as in Fig. 1b
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Fig. 4 (See legend on previous page.)
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differ based on their connectivity [1]. Some KCs receive 
input just from a single olfactory projection neuron (PN) 
on a single dendritic claw,some receive input from two, 
three, four or more PNs on two, three, four or more den-
dritic claws. Furthermore, unlike other larval neurons, 
most of which are born during embryogenesis, KCs are 
continuously born and integrated into the functional 
larval mushroom body circuitry throughout larval life. 
There is a significant correlation between birth order 
and the number of claws, such that the single-claw KCs 
are born first, followed by two-claw KCs, then three-
claw KCs etc. [1]. Additionally, the EM reconstruction 
revealed developing multi-claw KCs whose axons were 
still growing within the lobes. Clustering KCs based on 
their connectivity (not just PN input, but all their input 
and output) produced three distinct clusters, two clus-
ters of mature KCs, corresponding to early-born KCs 
with fewer claws and later-born KCs with multiple claws, 
and a cluster of developing KCs whose axons were still 
growing (Fig. 3b). Two clusters of mature KCs differed in 
terms of other features besides their PN input patterns. 
Thus, the early-born KCs with fewer dendritic claws had 
many more connections with each other, than the later-
born KCs with more dendritic claws (Fig. 3b).

Interestingly, our clustering of KCs based on gene 
expression also revealed three distinct clusters of KCs, 
similar to the number of clusters obtained based on con-
nectivity. We analyzed these clusters separately, at each 
developmental stage: 1 h., 24 h. and 48 h. (Fig. 3a). One 
of these clusters (cl. 24) had many markers of developing 
neurons suggesting that it could contain the developing 
larval-born KCs. One cluster (cl. 59) had a relatively small 
number of cells (< 10) at all three stages (when normal-
ized by sample number at each stage) and did not show 
a large increase in cell number between 24 and 48  h. 
We therefore speculate that this cluster could contain 
the embryonic-born single-claw KCs. Cluster 12 could 
contain the fully developed multi-claw KCs which have 
already been added into the larval circuitry. These assign-
ments are tentative, and will have to be confirmed in the 

future by labeling each of the clusters with cluster-selec-
tive markers.

We therefore asked which genes differentiate individual 
KC clusters from each other (Fig. 3d and Supplementary 
Spreadsheet 15). We identified a number of genes that 
were more than two-fold enriched in a single KC clus-
ter, compared to the others. The enhancers of such genes 
could potentially provide useful tools for targeting gene 
expression to specific KC subtypes (in combination with 
inter-sectional strategies using a general pan-KC-specific 
Split-GAL4) to visualize their morphology and to test 
whether they may have specific roles in learning and 
memory.

Hemocyte, ring gland and glial clusters and their 
differentially expressed genes
Three major non-neuronal cell types were recovered 
from our dissociated nervous system samples: hemo-
cytes, ring gland cells, and glia (Fig. 1b and e).

Three distinct clusters of hemocytes all shared SPARC  
expression (Fig.  1c and e) but showed cluster-specific 
gene expression (see Supplementary Fig. 19 and Supple-
mentary Spreadsheet 2 for genes differentially expressed 
in each hemocyte cluster) [40].

The ring gland is a major output system of the brain in 
addition to descending neurons that control locomotion. 
The ring gland integrates input from a range of distinct 
neuronal pathways and secretes hormones and neuro-
peptides into the hemolymph [76]. These hormones can 
have wide-ranging effects on physiological processes 
and behaviour. We identified one cluster containing 
ring gland cells (cl. 66) and more than 180 genes whose 
expression was more than two-fold enriched in this clus-
ter (Fig. 1b and e, Supplementary Fig. 20 and Supplemen-
tary Spreadsheet 2). Some of these were highly selectively 
expressed in the ring gland, including a number of CGs 
with unknown function, such as CG4408, CG5773, 
CG2991, CG44325, CG43886, CG43156, CG4456, 
CG6310. These provide promising candidates for genes 
involved in hormone synthesis and secretion.

Fig. 5 Immature neurons and neuro-precursor cells analysis. Thanks to our experimental design in which we gathered CNS at different stages 
of larval developpement, our atlas contains neurons at different stages along the differention axis neuroblast-functional neuron. a UMAP plot of 
the differentiating neurons. Neuroblasts and immature neurons at different stages of developpement cocluster sequentially along the first UMAP 
axis. The immature clusters occupy the lefmost part of the UMAP plot and are numbered as in Fig. 1b. Neuroblasts occupy the rightmost space 
and are numbered as in Fig. 1B and named after the presence of previously described markers. GMCs: Ganglion mother cells, INPs: Intermediate 
neural progenitors, TI NB: Type-1 neuroblasts, TII NB: Type-2 neuroblasts. b Pseudotime trajectory analysis of the developping neurons. To confirm 
the sequential co-clustering along the first UMAP axis we used the R package monocle3, to learn a pseudo-time trajectory in our developping 
neuron population. The trajectory was anchored at the cells with maximal Cyclin E (CycE) expression, and it’s depicted as a solid line starting at the 
INPs cluster. Cells are colored according to their pseudo-time value along the trajectory (see legend). Young cells (in pseudotime) coincide with 
neuroblast clusters while the oldest coincide with immature neuron clusters. c Immature neurons dotplot depicting the topmost enriched markers 
of each cluster. The numbering is the same as in Fig. 1b. d Neuroprecursor cells dotplot depicting the topmost enriched markers of each cluster. The 
numbering is the same as in Fig. 1b

(See figure on next page.)
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Glial cells are non-neuronal components of the nervous 
system essential for its function and account for ca. 10% 
of its cells in Drosophila. 5 distinct subtypes of glia have 
been described in the Drosophila CNS: astrocyte-like, 

ensheathing, cortex and two kinds of surface glia (sub-
perineural and perineural, Yildirim et al. 2018).

We identified a total of 8 distinct clusters of glial 
cells, based on their differential expression of known 

Fig. 5 (See legend on previous page.)
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glial markers, such as fabp, repo, tramtrack etc. 
(Fig.  1b-c, e and Supplementary Spreadsheet 2) [37, 
77–79]. We were able to further identify each indi-
vidual glial cluster based on the expression of known 
markers for specific glial subtypes (Fig.  4a-e, Supple-
mentary Fig.  21, Supplementary Spreadsheets 2 and 

16). Two clusters (50 and 58) were enriched in astro-
cyte-like glial markers, Gat, alrm and Gs2 [80–82]. 
One of them (cl. 50) was also enriched in ebony and 
Eaat1 (Fig.  4b) [83, 84]. Two clusters were enriched 
in known markers for ensheathing glia, although the 
markers segregated to distinct clusters (Fig. 4c). Thus, 

Fig. 6 Temporal changes in marker composition. The Seurat algorithm of reciprocal-PCA allows to find matched populations of cells across our 
differently aged samples enabling the differential gene expression analysis of a given cell type at 1, 24 and 48 h age. a Same UMAP plot as in Fig. 1b, 
but separated per stage, showing the matched clusters when present. The numbering of the clusters is the same as in Fig. 1b. 1 h, 24 h, 48 h, refer 
to age in hours post hatching and prior to dissection. b Dotplot depicting the topmost temporally varible genes for mature neurons. Chol N: 
Cholinergic neurons, GABA N: Gabaergic neurons, KCs: Kenyon cell neurons, Dopa N: Dopaminergic neurons, Pept N: Peptidergic neurons, Serot N: 
Serotoninergic neurons, Octop N: Octopaminergic neurons. c Dotplot depicting the topmost temporally varible genes for glial subclasses. Cortex G: 
Cortex glia, Enshea G: Ensheathing glia, Astro G: Astrocyte glia, Surf G: Surface glia
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cluster 38 was highly enriched in TRAF4, while clus-
ter 35 was highly enriched in ClC-a, axotactin and 
CG9657 [85–87]. Three clusters (26, 27 and 52) were 
enriched in markers for cortex glia, such as wrapper, 
zydeco, hoe1 (Fig.  4d) [88, 89]. One cluster (55) was 
enriched in markers for subperineural glia, moody, 
MDR65 and Swim (Fig. 4e) [90–92].

We found numerous genes whose expression was 
highly enriched in each of these glial clusters (Fig. 4b-e, 
Supplementary Fig. 21 and Supplementary Spreadsheets 
2 and 16). For example, a number of genes involved in 
nutrient transport (Slc45-1, ZnT77C, Oatp58Dc) and 
metabolism (Dci, ACC ) were selectively enriched in cor-
tex glia consistent with their proposed role in efficient 
transfer of nutrients from the haemolymph to neuronal 
cell bodies [37, 93–97]. Additionally, many genes with 
previously unknown functions were selectively enriched 
in specific glial clusters. For example, CG40470, CG9451, 
CG43448, CG7997, CG11594 were selectively enriched 
only in cortical glial clusters; CG9394, CG34367, CG8568 
in astrocyte-like glia; CG7860 in ensheathing glia; 
CG10702, CG14855, CG1299 in subperineural glia. These 
genes could contribute to the function of specific glial 
classes.

Prior studies have reported a general larval glial tran-
scriptome [21, 80], and transcriptomes of adult surface 
and astrocyte-like glia [37, 98, 99]. Here we extend the 
glial transcriptome to additional glial subtypes, ensheath-
ing and cortex glia. These genes provide promising can-
didates further dissecting the functional roles of distinct 
glial subtypes.

Differentially expressed genes in immature adult neurons
The larval nervous system also contains NPs and devel-
oping adult neurons. From early  2nd instar, and in some 
cases earlier, NPs start producing developing adult neu-
rons that grow their principal neurites and then stall, 
waiting to complete their projections during pupation 
[32, 33]).

Recent work in a 16  h.-old first instar brain showed 
that adult developing neurons express headcase (hdc) 
and cibulot (cib) [21]. We identified 13 distinct clusters 
of developing adult neurons that expressed these markers 
(Fig. 1b-d and 5a,c).

We also compared the numbers of developing adult 
neurons at distinct stages: 1  h., 24  h. and 48  h. From 
stage-specific atlases of the nervous systems (Fig. 6a) we 
observed changes in cellular composition of the nerv-
ous system during development. As expected, at 1 h, the 
nervous system primarily consists of mature larval neu-
rons (Fig. 6a). As development proceeds, the proportion 
of headcase-expressing, developing adult neurons greatly 
expands (Fig. 6a, Supplementary Spreadsheet 17).

We find many transcriptional regulators that were 
highly enriched either in specific, or in all immature 
neuron clusters that could potentially regulate the dif-
ferentiation of specific adult neuron types. Examples 
include E(spl)m6-BFM, pdm3, bric a brac 2 (bab2), 
ara, caup, acj6, mirr, salm, Erect wing (ewg) and oth-
ers [100–107], as well as several predicted transcrip-
tion factors with unknown functions (e.g., CG9650, 
CG32532, CG11294, Fig. 5c and Supplementary Spread-
sheets 2 and 8).

Numerous cell surface molecules involved in axon 
guidance, dendritic morphogenesis were also highly 
enriched in these clusters, including the actin-binding 
protein singed (sn), robo2, fz2 and others (Fig.  5c and 
Supplementary Spreadsheets 2 and 8) [108–110]. These 
genes could potentially regulate the growth and targeting 
of the developing adult neurons.

Additionally, we found many genes with previously 
unknown function selectively enriched in these clusters, 
some of which were selectively enriched only in specific 
clusters (Supplementary Spreadsheets 2 and 8, Supple-
mentary Fig. 22). Examples include CG12643, CG11030, 
CG5151, CG11294 (only in cl. 33), CG9016 (only in cl. 
34) and others. Such genes could potentially regulate the 
differentiation of specific adult neuron types and provide 
promising candidates for future follow up studies.

Differentially expressed genes in neuronal precursors
Neural progenitor cells include neuroblasts (NBs), inter-
mediate neural progenitors (INPs), and ganglion mother 
cells (GMCs) [35]. NBs divide asymmetrically to produce 
progeny. Type I NBs divide into one NB and one GMC. 
Type II NBs divide into one neuroblast and one interme-
diate neural progenitor (INP) which then itself divides 
into a GMC [35]. Each GMC then divides terminally to 
form two neurons or one neuron and one glial cell.

We identified 6 distinct clusters that contained neu-
ral progenitor cells (collectively identified based on the 
expression of Notch (Figs.  1c-d and 5a,d, Supplemen-
tary Fig.  23 and Supplementary Spreadsheets 2 and 
7). Clusters 40 and 41 highly differentially expressed 
known Type I NB markers (such as miranda, string, 
Cyclin E (Fig.  5d) but not Type II NB or INP mark-
ers (Supplementary Spreadsheets 2 and 7) [111–113]. 
Cluster 15 selectively differentially expressed known 
Type II NB markers (pointed and tailless, Fig. 5d) [114, 
115]. However, this cluster also contained a large num-
ber of Notch expressing cells that did not express these 
markers. Differential marker expression suggests that at 
least some of these cells are optic-lobe neuroepithelia 
(Avalos, C.B. et  al. 2019), as evidenced by their differ-
ential expression of Ocho, Bearded (Brd), Twin of m4 
(Tom) and several members of the enhancer of split 
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family (E(spl) (Supplementary Spreadsheet 2 and 7). 
Cluster 11 differentially expressed known INP mark-
ers (earmuff and hamlet, Fig.  5d and Supplementary 
Spreadsheets 2 and 7) [116, 117]. Cluster 2 differen-
tially expressed known GMC markers (target of poxn, 
dacapo, Phaser, Fig. 5d) [118, 119]. Cluster 42 showed 
a different composition from all other neuronal precur-
sors and was spatially segregated in the UMAP pro-
jection. Differentially expressed genes enriched in this 
cluster are associated with epithelial processes and tra-
chea development [120–123]. Examples of such genes 
are piopio (pio), expansion (exp), papillote (pot) or 
dumpy (dpy) (Supplementary Spreadsheet 2 and 7).

We also confirmed this identification by performing 
a pseudotime analysis in Monocle3 [124–126]. For this 
purpose, we combined all NPCs and developing adult 
neurons and anchored the analysis to Type I (cluster 41) 
and Type II (cluster 15) NBs present at 1 h. This aligned 
the NPCs along a temporal axis where NB clusters were 
at the start GMC and INP clusters were in the middle 
and developing neuron clusters were at the end (Fig. 5b).

We identified a number of genes differentially 
expressed in each progenitor cluster (Fig. 5d, Supplemen-
tary Fig.  22 and Supplementary Spreadsheets 2 and 7). 
These genes could play roles in specifying distinct types 
of NPs and regulating their patterns of division.

Developmental profile of gene expression across distinct 
life stages
Our datasets collected from three distinct life stages 
enables comparisons of gene expression between stages 
in each of the CNS clusters (Fig.  6a and Supplementary 
Spreadsheet 17). We wondered whether there would be 
any differences in gene expression between a 48-h. old 
larva and a 24-h. old larva in the distinct types of func-
tional larval neuron classes and glia. In a companion study 
in the same issue, we explore in more detail the genes that 
are differentially expressed at different stages in NPs and 
immature adult neurons (Dillon et  al. submitted). Such 
genes provide interesting candidates for specifying the 
temporal identities of NPCs and their progeny neurons.

A number of genes were more than twofold enriched 
in neurons at 48 h. compared to 24 h. (Fig. 6b and Sup-
plementary Spreadsheet 17). Most of these genes were 
enriched at the later life stage in most or all neuron 
classes. Some were enriched at 48 h. only in specific neu-
ron classes. For example, sNPF was selectively enriched 
in KCs [127]. CG9336 was selectively enriched in pepti-
dergic and octopaminergic neurons.

Similarly, most genes that were differentially expressed 
in glia at 48  h were differentially expressed in all glial 
classes, while a few were selectively enriched only in 
a specific glial class hrs. (Fig.  6c and Supplementary 

Spreadsheet 17). For example, CG14687 was selectively 
enriched at 48 h compared to 24 h in astrocyte glia, while 
CG40470 and Slc45-1 in cortex glia.

It will be interesting to explore in future studies what 
roles these genes might play in functional larval neurons 
and glia at later stages of larval life.

Validating transcriptomic predictions
Our Atlas reveals numerous genes that are differentially 
expressed in specific classes of Drosophila neurons and 
at specific stages of development. We wanted to validate 
using RNA-FISH the expression pattern of at least one 
of the genes newly discovered here to be differentially 
expressed in a specific cell type [23, 128]. For this pur-
pose, our aim was to use a cell type containing relatively 
few cells and look for co-expression of a previously 
known marker with the newly discovered one.

We chose Insulin-producing cells (IPCs) as illustrative 
examples to validate scRNA-seq data (Fig. 7a-d). IPCs con-
sist of just 14 neurons in the larval brain (Fig.  7c, [129]. 
These cells participate in circuits which monitor the nutri-
tional status of the larva and function as the larval equiva-
lent of the mammalian pancreas. If IPCs are ablated, larvae 
and adults are smaller and have a diabetic phenotype, 
including increased hemolymph trehalose and glucose 
levels [130]. IPCs secrete insulin-like peptides which regu-
late hemolymph sugar levels. One of our peptidergic clus-
ters (49) was defined by strong differential expression of 
insulin-like peptides 2, 3 and 5 (Ilp2, ilp3, ilp5), which are 
canonical markers of IPCs (Fig. 7a-b) [131, 132]. We dis-
covered multiple genes with a more than two-fold enrich-
ment in this cluster, including some that were selectively 
differentially expressed only in that cluster and in a few 
other peptidergic clusters (Supplementary Fig. 12 and Sup-
plementary Spreadsheet 18). One such gene was Allostatin 
C Receptor 2 (AstC-R2) that was not previously known to 
be expressed in this cell type (Fig. 7b) [24].

To validate the specificity of our scRNAseq approach 
for identifying AstC-R2 in IPC cells, we probed AstC-R2 
mRNA in a HaloTag reporter line for the IPCs [133]. The 
overlap between the neurons containing the HaloTag and 
FISH signals confirmed the sequencing result (Fig.  7d). 
The colocalization of AstC-R2 with 14 IPCs suggests that 
all IPCs are regulated by AstC through AstC-R2. The dis-
covery of regulation by AstC-R2 updates our model of 
the regulation of IPCs by adding an additional population 
of cells that are modulating IPC activity.

Discussion
In this study we present the first full transcriptomic 
atlas of the entire central nervous system of Drosoph-
ila larva with single-cell resolution across multiple life 
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stages. Unbiased clustering of more than 131,077 cells 
sequenced in this study based on their patterns of gene 
expression revealed 67 clusters of nervous system cells. 
We were able to identify the majority of the clusters based 
on known markers for distinct cell types. These included 
functional larval neurons, glial cells, neuronal precursors, 

and developing adult neurons, as well as ring gland and 
hemocyte clusters. For each cluster we identified large 
numbers of genes that were differentially expressed in 
that cluster compared to all other clusters. This dataset 
provides a valuable resource for studying genes involved 
in the development and function of the nervous system.

Fig. 7 Validation of AstC-R2 expression in insulin producing cells. Experimental validation of the presence of an undecribed isoform of allostatin 
receptor (AstC-R2) in a well characterized cell type, insulin producing cells, for which GAL4 driver lines are available enabling fluorescence 
co-localization of the receptor in the aforementioned neurons. a Featureplot of mature neurons. Among peptidergic clusters (circled) cells with 
robust expression of insuline like peptides Ilp2, Ilp3 and Ilp5 are colored in purple. IPCs: Insulin producing cells. b Maximum-intensity projection 
of the confocal stack of a brain in which the IPCs are labeled with a fluorescent HaloTag ligand (Magenta) and AstC-R2 mRNA is co-detected by 
FISH (green), bar 10 µm. Dashed lines outline area where the single z plane is shown on the left panels, bar 5 µm. c Dotplot showing the enriched 
expression of Ilp2, Ilp3, Ilp5 and AstC-R2 in peptidergic cluster 49 compared to the remaining peptidergic clusters (numering as in Fig. 1b). 
d Anatomy of insulin-producing cells (IPCs). The IPCs are a group of 7 bilaterally symmetrical neurons receiving input coveying the nutritional state 
of the animal through their dendrites (boxed, bottom). To respond, they release insulin-like peptides (Ilp2, Ilp3, Ilp5) through their axons (boxed, 
top), which synapse onto the ring gland, a major secretory organ responsible for homeostatic balance in Drosophila
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Atlas of genes enriched in each neuron cluster provides 
a powerful resource for bridging the gap between genes, 
circuits and behaviour
For the most part, functional larval neurons segregated 
based on neurotransmitter identity. Thus, different clusters 
contained cholinergic, GABAergic, glutamatergic, octopa-
minergic, serotonergic, dopaminergic and peptidergic neu-
rons. The neurons implicated in memory formation (MB 
KCs) and motor neurons (MNs), each formed separate clus-
ters that were very different in terms of gene expression to 
all other functional larval neurons. Each of these major neu-
ronal classes selectively expressed a specific known marker 
(e.g., genes involved in neurotransmitter synthesis or trans-
port). Additionally, we identified numerous genes with pre-
viously unknown functions whose expression was highly 
enriched in each of these major classes, providing a rich set 
of candidate genes that could be required for proper func-
tion of these neuron classes (Supplementary Spreadsheet 5). 
Some of these were selectively expressed just in a single neu-
rotransmitter class (Supplementary Spreadsheet 18), while 
others were expressed in specific combinations of classes.

We also searched for genes that were differentially 
expressed between individual clusters of the same neuro-
transmitter and found a number of such genes. Together 
with the selective pan-neurotransmitter markers, the mark-
ers that distinguish individual clusters of the same neuro-
transmitter could enable unique identification of that cluster.

At this stage we were unable to link the individual 
neuron clusters to specific morphologically character-
ized known neuron types. However, the combinations 
of genes that were differentially expressed in each clus-
ter could provide a basis for determining the morphol-
ogy, connectivity and functional roles of many of the 
clusters in the future. These markers could potentially 
enable selective targeting of gene expression to individual 
neuron clusters using intersectional techniques available 
in Drosophila. For example, knocking in Split-DBD (or 
AD) lines upstream of one marker gene and a Split-AD 
(or DBD) into the other could result in selective driver 
lines for single clusters [134–136]. Such lines would ena-
ble future anatomical and functional characterization of 
some of the neuronal clusters identified in this study. For 
example, selective expression of GFP would reveal their 
morphology. Furthermore, since most larval neurons can 
be uniquely identified based on their morphology, this 
would also reveal the connectivity patterns of neurons 
that have been reconstructed from electron microscopy.

Gene expression atlas at distinct stages provides 
a resource for studying age‑related changes in larval 
neurons and the specification of adult neurons
Our dataset also provides a resource for studying tempo-
ral changes in gene expression across larval life stages in 

specific types of larval neurons, glial cells, the ring gland, 
developing adult neurons and neural precursor cells. 
Genes that are differentially expressed in functional lar-
val neurons at late stages of larval life could play roles in 
regulating larval molting and transitions between instar 
stages and in responding to hormones such as Ecdysone, 
juvenile hormone or prothoracicotropic hormone.

Since temporal cascades of transcription factor expres-
sion in neural precursors specify the fate of progeny 
neurons, the data generated in this study provides a 
rich resource for identifying novel factors that could be 
involved in neural fate specification and development. 
We pursue this question in more depth using this dataset 
in a companion study in the same issue.

Conclusions
In summary, single-cell transcriptomic atlases are the 
missing piece required for the combined analysis of 
genes, circuits and behavior. By adding a transcriptomic 
atlas to the atlases of neuron connectivity, neuron activity 
and behavior, we have set the stage for a more complete 
understanding of the principles that underlie the com-
plex interplay of genes, circuits, and behavior.
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detailing the number of cells per cluster and sample of origin, a stage 
by cell number breakdown and sequencing quality control metrics for 
each sequenced sample. Supplementary_spreadsheet_2_Ncells_and_
gene_markers_per_cluster.xlsx. Spreadsheet containing one sheet per 
detected cluster with all the cluster defining markers resulting from 
running the FindAllMarkers algorithm as detailed in the methods. An 
additional sheet contains the number of cells per cluster. 
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Supplementary_spreadsheet_3_Ncells_and_gene_markers_per_
cluster_and_stage.xlsx. Spreadsheet containing one sheet per detected 
cluster with all the cluster defining markers at each stage, ie. 1h, 24h and 
48h resulting from running the FindAllMarkers algorithm as detailed in the 
methods for the temporal analysis. An additional sheet contains the 
number of cells per cluster at each stage. Supplementary_spread‑
sheet_4_Ncells_and_gene_markers_per_cluster_and_tissue.xlsx. 
Spreadsheet containing one sheet per detected cluster with all the cluster 
defining markers for each tissue, ie. brain, CNS and VNC, resulting from 
running the FindAllMarkers algorithm as detailed in the methods for the 
temporal analysis. An additional sheet contains the number of cells per 
cluster detected in each tissue dissection. Supplementary_spread‑
sheet_5_Differential_expression_cluster_mature_neuron_classes.
ods. Spreadsheet containing one sheet per mature neuron subtype and 
their markers resulting from running the FindAllMarkers algorithm as 
detailed in the methods but restricting it to mature cell-types only: 
Cholinergic, Gabaergic, Glutamatergic, Kenyon Cells, Motor, Monoaminer-
gic and Peptidergic neurons. Supplementary_spreadsheet_6_Differen‑
tial_expression_cluster_big_classes.ods. Spreadsheet containing one 
sheet per major cell-type class and their defining markers: Immature 
neurons, Cholinergic neurons, Neuroprecursor cells, Gabaergic neurons, 
Glutamatergic neurons, Kenyon cells, Unknown neurons, Motorneurons, 
Glia, Hemocytes, Epithelia/trachea, Monoaminergic neurons, Peptidergic 
neurons and Ring Gland. Supplementary_spreadsheet_7_NPCs_mark‑
ers_among.xlsx. Spreadsheet containing one sheet per Neuroprecursor 
cluster and their markers resulting from running the FindAllMarkers 
algorithm as detailed in the methods but restricting it to Neuroprecursor 
clusters only. Supplementary_spreadsheet_8_Immature_neuron_
markers_among.xlsx. Spreadsheet containing one sheet per Immature 
neuron cluster and their markers resulting from running the FindAllMark-
ers algorithm as detailed in the methods but restricting it to Immature 
neuron clusters only. Supplementary_spreadsheet_9_Cholinergic_
markers_among.xlsx. Spreadsheet containing one sheet per Cholinergic 
cluster and their markers resulting from running the FindAllMarkers 
algorithm as detailed in the methods but restricting it to Cholinergic 
clusters only. Supplementary_spreadsheet_10_Gabaergic_mark‑
ers_among.xlsx. Spreadsheet containing one sheet per Gabaergic cluster 
and their markers resulting from running the FindAllMarkers algorithm as 
detailed in the methods but restricting it to Gabaergic clusters only. 
Supplementary_spreadsheet_11_Glutamatergic_markers_among.
xlsx. Spreadsheet containing one sheet per Glutamatergic cluster and 
their markers resulting from running the FindAllMarkers algorithm as 
detailed in the methods but restricting it to Glutamatergic clusters only. 
Supplementary_spreadsheet_12_Octopaminergic_markers_among.
xlsx. Spreadsheet containing one sheet per Octopaminergic cluster and 
their markers resulting from running the FindAllMarkers algorithm as 
detailed in the methods but restricting it to Octopaminergic clusters only. 
Supplementary_spreadsheet_13_Serotoninergic_markers_among.
xlsx. Spreadsheet containing one sheet per Serotoninergic cluster and 
their markers resulting from running the FindAllMarkers algorithm as 
detailed in the methods but restricting it to Serotoninergic clusters only. 
Supplementary_spreadsheet_14_Peptidergic_markers_among.xlsx. 
Spreadsheet containing one sheet per Peptidergic cluster and their 
markers resulting from running the FindAllMarkers algorithm as detailed 
in the methods but restricting it to Peptidergic clusters only. Supplemen‑
tary_spreadsheet_15_Kenyon‑Cells_markers_among.xlsx. 
Spreadsheet containing one sheet per Kenyon cells cluster and their 
markers resulting from running the FindAllMarkers algorithm as detailed 
in the methods but restricting it to Kenyon cells clusters only. Supple‑
mentary_spreadsheet_16_Glia_markers_among.xlsx. Spreadsheet 
containing one sheet per Glia cluster and their markers resulting from 
running the FindAllMarkers algorithm as detailed in the methods but 
restricting it to Glia clusters only. Supplementary_spreadsheet_17_
Enriched_markers_per_cluster_48_vs_24h.xlsx. Spreadsheet 
containing one sheet per big cell-type class with all the markers enriched 
at 48h vs 24h resulting from running the FindAllMarkers algorithm as 
detailed in the methods for the temporal analysis but restricting it to 48 vs 
24h. Supplementary_spreadsheet_18_selective_one_per_class_075‑
19.xlsx. Spreadsheet containing one sheet per cluster with all markers 
selective for that cluster when imposing a cut-off of log2 fold-change 

greater than 0.75 and the requirement of being detected in more than 
19% of cells. Supplementary_spreadsheet_19_Identity_markers_
and_refs.ods. Spreadsheet containing the list of all markers used to 
identify cell classes together with literature references. Supplementary_
spreadsheet_20_Brain_only_atlas_markers.xlsx. Spreadsheet 
containing one sheet per cluster with all markers selective for that cluster 
when imposing a cut-off of log2 fold-change greater than 0.75 and the 
requirement of being detected in more than 19% of cells. In the Brain 
samples and the VNC samples it can be seen that there is a drastic 
increase of immature neurons relative to mature neurons from 24 hrs to 
48 hrs. In the Brain samples, at 24 hrs, the ratio of immature (4885) to 
mature neurons (8536) is 0.57; at 48 hrs the ratio of immature (12092) to 
mature neurons (9758)  is 1.23 (2.2-fold increase). Supplementary_
spreadsheet_21_VNC_only_atlas_markers.xlsx. Spreadsheet 
containing one sheet per cluster with all markers selective for that cluster 
when imposing a cut-off of log2 fold-change greater than 0.75 and the 
requirement of being detected in more than 19% of cells. In the Brain 
samples and the VNC samples it can be seen that there is a drastic 
increase of immature neurons relative to mature neurons from 24 hrs to 
48 hrs. In the VNC samples, at 24 hrs, the ratio of immature (3146) to 
mature neurons (4885) is 0.64; At 48 hrs the ratio of mature (2173) to 
immature (3513) is 1.61 (2.5-fold increase). Supplementary_Figure_1_
UMAP_plot_per_tissue.pdf. UMAP representation of the CNS cell type 
diversity discovered after reciprocal-PCA integration, dimensionality 
reduction and unsupervised clustering with Seurat and split by tissue of 
origin. In this 2D representation each dot represents a cell and their 
distribution in space is a function of their similarity in gene expression 
profile. Each cluster is color and number coded as depicted in the 
accompanying legend. Supplementary_Figure_2_Brain_independ‑
ent_analysis.pdf. UMAP dimensional reduction plot with the annotated 
clustering resulting from the analysis of VNC samples only at 24 and 48h. 
Supplementary_Figure_3_VNC_independent_analysis.pdf. UMAP 
dimensional reduction plot with the annotated clustering resulting from 
the analysis of Brain samples only at 24 and 48h. Supplementary_Fig‑
ure_4_endogenous‑nSyb‑feature_plot.pdf. Feature plot comparing 
the expression distribution of endogenous and UAS-GAL4 amplified 
expression of nSyb. Supplementary_Figure_5_feature_plot_nSyb_
Repo_Notch.pdf. UMAP dimensional reduction showing the expression 
distribution of endogenous nSyb, repo and Notch. In this 2D representa-
tion each dot represents a cell and their distribution in space is a function 
of their similarity in gene expression profile. Color represents the 
expression of the gene for that particular cell. In each dotplot, the 
centered mean expression of a gene for each class is calculated and given 
a color ranging from blue (lowest expression) to red (highest expression), 
with white corresponding to 0. In this fashion different genes can be 
compared by their relative expression in the classes depicted irrespective 
of their absolute expression levels. The diameter of each dot is propor-
tional to the number of cells expressing that gene in the class. Supple‑
mentary_Figure_6_cholinergic_markers_dotplot.pdf. Dotplot 
depicting Cholinergic markers showing an average log2 fold-change 
greater than one compared to the other clusters and present in at least 
more than 19% of the cells of the cluster. Supplementary_Figure_7_glu‑
tamatergic_markers_dotplot.pdf. Dotplot depicting Glutamatergic 
markers showing an average log2 fold-change greater than one 
compared to the other clusters and present in at least more than 19% of 
the cells of the cluster. Supplementary_Figure_8_gabaergic_mark‑
ers_dotplot.pdf. Dotplot depicting Gabaergic markers showing an 
average log2 fold-change greater than one compared to the other 
clusters and present in at least more than 19% of the cells of the cluster. 
Supplementary_Figure_9_octopaminergic_markers_dotplot.pdf. 
Dotplot depicting Octopaminergic markers showing an average log2 
fold-change greater than one compared to the other clusters and present 
in at least more than 19% of the cells of the cluster. Supplementary_Fig‑
ure_10_serotoninergic_markers_dotplot.pdf. Dotplot depicting 
Serotoninergic markers showing an average log2 fold-change greater 
than one compared to the other clusters and present in at least more than 
19% of the cells of the cluster. Supplementary_Figure_11_dopaminer‑
gic_markers_dotplot.pdf. Dotplot depicting Dopaminergic markers 
showing an average log2 fold-change greater than one compared to the 
other clusters and present in at least more than 19% of the cells of the 
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cluster. Supplementary_Figure_12_peptidergic_markers_dotplot.
pdf. Dotplot depicting Peptidergic markers showing an average log2 
fold-change greater than one compared to the other clusters and present 
in at least more than 19% of the cells of the cluster. Supplementary_Fig‑
ure_13_Cholinergic_among_markers_dotplot.pdf. Dotplot depicting 
Cholinergic markers showing an average log2 fold-change greater than 
one compared to the other Cholinergic clusters and present in at least 
more than 19% of the cells of the cluster. Supplementary_Figure_14_
Glutamatergic_among_markers_dotplot.pdf. Dotplot depicting 
Glutamatergic markers showing an average log2 fold-change greater than 
one compared to the other Glutamatergic clusters and present in at least 
more than 19% of the cells of the cluster. Supplementary_Figure_15_
cotransmitter_upset_number.pdf. Histogram with numbers and 
percent of cells expressing combinations of one, two, three and four fast 
acting neurotrasmitters compared to single neurotransmitter expressing 
ones. Supplementary_Figure_16_Gabaergic_among_markers_dot‑
plot.pdf. Dotplot depicting Gabaergic markers showing an average log2 
fold-change greater than one compared to the other Gabaergic clusters 
and present in at least more than 19% of the cells of the cluster. 
Supplementary_Figure_17_Octopaminergic_among_markers_dot‑
plot.pdf. Dotplot depicting Octopaminergic markers showing an average 
log2 fold-change greater than one compared to the other Octopaminer-
gic clusters and present in at least more than 19% of the cells of the 
cluster. Supplementary_Figure_18_Serotoninergic_among_mark‑
ers_dotplot.pdf. Dotplot depicting Serotoninergic markers showing an 
average log2 fold-change greater than one compared to the other 
Serotoninergic clusters and present in at least more than 19% of the cells 
of the cluster. Supplementary_Figure_19_hemocytes_markers_dot‑
plot.pdf. Dotplot depicting Hemocyte markers showing an average log2 
fold-change greater than one compared to the other clusters and present 
in at least more than 19% of the cells of the cluster. Supplementary_Fig‑
ure_20_ring‑gland_markers_dotplot.pdf. Dotplot depicting Ring 
gland markers showing an average log2 fold-change greater than one 
compared to the other clusters and present in at least more than 19% of 
the cells of the cluster. Supplementary_Figure_21_Glia_among_mark‑
ers_dotplot.pdf. Dotplot depicting Glia markers showing an average 
log2 fold-change greater than one compared to the other Glia clusters 
and present in at least more than 19% of the cells of the cluster. 
Supplementary_Figure_22_Immature_among_markers_dotplot.pdf. 
Dotplot depicting Immature neuron markers showing an average log2 
fold-change greater than one compared to the other Immature clusters 
and present in at least more than 19% of the cells of the cluster. 
Supplementary_Figure_23_Npcs_among_markers_dotplot.pdf. 
Dotplot depicting Immature neuron markers showing an average log2 
fold-change greater than one compared to the other Immature clusters 
and present in at least more than 19% of the cells of the cluster.

Acknowledgements
We thank J. Grimm for sharing reagents; J. Etheredge for fly stocks; S. Harrison, 
M. Mercer, and the Janelia Fly Core for assistance with fly husbandry; A. Lemire 
and K. Aswath of Janelia Quantitative Genomics for assistance with sequenc-
ing. N. Dillon and C. Doe for sharing unpublished analysis.

Authors’ contributions
B.T.C. and M.C. contributed equally and tossed a coin to determine the author 
order. B.T.C., L.L.M., and M.Z. conceptualized the study; M.C, B.T.C, X.L., and J.Y. 
performed all data analysis and visualization; B.T.C., X.L., J.L., A.B.K., and L.L.M. 
performed the investigation; B.T.C., X.L. and A.L curated the data; B.T.C., X.L., 
A.B.K., and L.L.M. developed methodology and performed validation, R.H.S., 
L.L.M. and M.Z. acquired funding, provided resources, and performed project 
administration; S.T., R.H.S., L.L.M. and M.Z. supervised the study; M.C, B.T.C, X.L., 
R.H.S., L.L.M. and M.Z. edited the final manuscript; all authors reviewed the final 
manuscript. The author(s) read and approved the final manuscript.

Funding
Supported by Janelia HHMI (M.Z.), Gates Cambridge Trust (B.T.C.), HHMI Medical 
Fellows Program (B.T.C.), NSF (1146575, 1557923, 1548121 and 1645219; L.L.M.), 
Wellcome Trust (205050/B/16/Z; M.Z), European Research Council (LeaRNN GA  
819650; M.Z) and Medical Research Council (M.Z., A.C. and M.C.).

Availability of data and materials
Raw sequencing data was deposited at GEO (accession number: GSE135810) 
and can be accessed at: https:// www. ncbi. nlm. nih. gov/ geo/ query/ acc. cgi? 
acc= GSE13 5810
All the code to carry the analysis and the environment for reproducible 
pipeline execution can be found at https:// github. com/ histo nemark/ Brain 
seq_ code

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Howard Hughes Medical Institute Janelia Research Campus, Ashburn, 
VA, USA. 2 Department of Physiology, Development, and Neuroscience, 
Cambridge University, Cambridge, UK. 3 Department of Zoology, Cambridge 
University, Cambridge, UK. 4 Department of Neuroscience and Whitney Labo-
ratory for Marine Biosciences, University of Florida, Gainesville/St. Augustine, 
FL 32080, USA. 5 MRC Laboratory of Molecular Biology, Cambridge Biomedical 
Campus, Francis Crick Avenue, Cambridge, UK. 6 Department of Anatomy 
and Structural Biology, Albert Einstein College of Medicine, Bronx, NY, USA. 

Received: 2 March 2022   Accepted: 10 July 2022

References
 1. Eichler K, Li F, Litwin-Kumar A, Park Y, Andrade I, Schneider-Mizell CM, 

Saumweber T, Huser A, Eschbach C, Gerber B, et al. The complete con-
nectome of a learning and memory centre in an insect brain. Nature. 
2017;548:175–82.

 2. Eschbach C, Fushiki A, Winding M, Afonso B, Andrade IV, Cocanougher 
BT, Eichler K, Gepner R, Si G, Valdes-Aleman J, et al. 2021. Circuits for 
integrating learned and innate valences in the insect brain. Elife (Cam-
bridge) 10.

 3. Eschbach C, Fushiki A, Winding M, Schneider-Mizell CM, Shao M, 
Arruda R, Eichler K, Valdes-Aleman J, Ohyama T, Thum AS, et al. Recur-
rent architecture for adaptive regulation of learning in the insect brain. 
Nat Neurosci. 2020;23:544–55.

 4. Eschbach C, Zlatic M. Useful road maps: studying Drosophila larva’s 
central nervous system with the help of connectomics. Curr Opin 
Neurobiol. 2020;65:129–37.

 5. Hildebrand DGC, Cicconet M, Torres RM, Choi W, Quan TM, Moon J, Wetzel 
AW, Scott Champion A, Graham BJ, Randlett O, et al. Whole-brain serial-
section electron microscopy in larval zebrafish. Nature. 2017;545:345–9.

 6. Motta A, Berning M, Boergens KM, Staffler B, Beining M, Loomba 
S, Hennig P, Wissler H, Helmstaedter M. Dense connectomic 
reconstruction in layer 4 of the somatosensory cortex. Science. 
2019;366(6469):eaay3134.

 7. Ohyama T, Schneider-Mizell CM, Fetter RD, Aleman JV, Franconville R, 
Rivera-Alba M, Mensh BD, Branson KM, Simpson JH, Truman JW, et al. A 
multilevel multimodal circuit enhances action selection in Drosophila. 
Nature. 2015;520:633–9.

 8. Scheffer LK, Xu CS, Januszewski M, Lu Z, Takemura SY, Hayworth KJ, 
et al. A connectome and analysis of the adult Drosophila central brain. 
eLife. 2020;9:e57443.

 9. Takemura SY, Aso Y, Hige T, Wong A, Lu Z, Xu CS, et al. A connectome 
of a learning and memory center in the adult Drosophila brain. Elife. 
2017;6:e26975. https:// doi. org/ 10. 7554/ eLife. 26975.

 10. Ahrens MB, Orger MB, Robson DN, Li JM, Keller PJ. Whole-brain func-
tional imaging at cellular resolution using light-sheet microscopy. Nat 
Methods. 2013;10(5):413.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135810
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135810
https://github.com/histonemark/Brainseq_code
https://github.com/histonemark/Brainseq_code
https://doi.org/10.7554/eLife.26975


Page 21 of 23Corrales et al. Neural Development             (2022) 17:8 

 11. Chhetri RK, Amat F, Wan Y, Höckendorf B, Lemon WC, Keller PJ. Whole-
animal functional and developmental imaging with isotropic spatial 
resolution. Nat Methods. 2015;12(12):1171.

 12. Prevedel R, Yoon YG, Hoffmann M, Pak N, Wetzstein G, Kato S, Vaziri A. 
Simultaneous whole-animal 3D imaging of neuronal activity using 
light-field microscopy. Nat Methods. 2014;11(7):727.

 13. Lemon WC, Pulver SR, Höckendorf B, McDole K, Branson K, Freeman 
J, Keller PJ. Whole-central nervous system functional imaging in larval 
Drosophila. Nat Commun. 2015;6:7924.

 14. Grimm JB, Muthusamy AK, Liang Y, Brown TA, Lemon WC, Patel R, Lavis 
LD. A general method to fine-tune fluorophores for live-cell and in vivo 
imaging. Nat Methods. 2017;14(10):987.

 15. Vladimirov N, Wang C, Höckendorf B, Pujala A, Tanimoto M, Mu 
Y, Koyama M. Brain-wide circuit interrogation at the cellular level 
guided by online analysis of neuronal function. Nat Methods. 
2018;15(12):1117.

 16. Robie AA, Hirokawa J, Edwards AW, Umayam LA, Lee A, Phillips 
ML, Reiser MB. Mapping the neural substrates of behavior. Cell. 
2017;170(2):393–406.

 17. Vogelstein JT, Park Y, Ohyama T, Kerr RA, Truman JW, Priebe CE, Zlatic M. 
Discovery of brainwide neural-behavioral maps via multiscale unsuper-
vised structure learning. Science. 2014;344(6182):386–92.

 18. Croset V, Treiber CD, Waddell S. Cellular diversity in the Drosophila 
midbrain revealed by single-cell transcriptomics. Elife. 2018;7:e34550.

 19. Davie K, Janssens J, Koldere D, De Waegeneer M, Pech U, Kreft Ł, 
Poovathingal S. A single-cell transcriptome atlas of the aging Dros-
ophila brain. Cell. 2018;174(4):982–98.

 20. Konstantinides N, Kapuralin K, Fadil C, Barboza L, Satija R, Desplan C. 
Phenotypic convergence: distinct transcription factors regulate com-
mon terminal features. Cell. 2018;174(3):622–35.

 21. Avalos CB, Maier GL, Bruggmann R, Sprecher SG. Single cell transcrip-
tome atlas of the Drosophila larval brain. Elife (Cambridge); 2019. 8.

 22. Vicidomini R, Nguyen TH, Choudhury SD, Brody T, Serpe M. Assembly 
and exploration of a single cell atlas of the Drosophila larval ventral 
cord. identification of rare cell types. Curr Protoc. 2021;1:e37.

 23. Long X, Colonell J, Wong AM, Singer RH, Lionnet T. Quantitative mRNA 
imaging throughout the entire Drosophila brain. Nature Methods. 
2017;14(7):703.

 24. Diaz MM, et al. Allatostatin-C/AstC-R2 Is a Novel Pathway to Modulate 
the Circadian Activity Pattern in Drosophila. Curr Biol. 2019;29:13–22.

 25. Satija R, Farrell JA, Gennert D, Schier AF, Regev A. Spatial reconstruction 
of single-cell gene expression data. Nat Biotechnol. 2015;33(5):495.

 26. Hao Y, Hao S, Andersen-Nissen E, Mauck WM 3rd, Zheng S, Butler A, Lee 
MJ, Wilk AJ, Darby C, Zager M, et al. Integrated analysis of multimodal 
single-cell data. Cell. 2021;184(3573–3587):e3529.

 27. Truman JW, Bate M. Spatial and temporal patterns of neurogenesis 
in the central nervous system of Drosophila melanogaster. Dev Biol. 
1988;125(1):145–57.

 28. Loughney K, Kreber R, Ganetzky B. Molecular analysis of the para locus, 
a sodium channel gene in Drosophila. Cell. 1989;58:1143–54.

 29. Sudhof TC, Baumert M, Perin MS, Jahn R. A synaptic vesicle mem-
brane protein is conserved from mammals to Drosophila. Neuron. 
1989;2:1475–81.

 30. Brand AH, Manoukian AS, Perrimon N. Ectopic expression in Drosophila. 
Methods Cell Biol. 1994;44:635–54.

 31. Chalfie M, Tu Y, Euskirchen G, Ward WW, Prasher DC. Green Fluorescent 
Protein as a Marker for Gene-Expression. Science. 1994;263:802–5.

 32. Truman JW, Bate M. Spatial and temporal patterns of neurogenesis 
in the central nervous system of Drosophila melanogaster. Dev Biol. 
1988;125(1):145-57.

 33. Prokop A, Technau GM. The origin of postembryonic neuroblasts in 
the ventral nerve cord of Drosophila melanogaster. Dev Camb Engl. 
1991;111:79–88.

 34. Darren W. Williams, James W. Truman; Cellular mechanisms of dendrite 
pruning in Drosophila: insights from in vivo time-lapse of remodeling 
dendritic arborizing sensory neurons. Development 15 August 2005; 
132 (16): 3631–3642. https:// doi. org/ 10. 1242/ dev. 01928

 35. Doe CQ. Temporal patterning in the Drosophila CNS. Annu Rev Cell Dev 
Biol. 2017;33:219–40.

 36. Kussel P, Frasch M. Pendulin, a Drosophila protein with cell cycle-
dependent nuclear localization, is required for normal cell proliferation. 
J Cell Biol. 1995;129(6):1491–507.

 37. Freeman MR. Drosophila central nervous system glia. Cold Spring Harb 
Perspect Biol. 2015;7(11):a020552.

 38. Chung H, Sztal T, Pasricha S, Sridhar M, Batterham P, Daborn PJ. Charac-
terization of Drosophila melanogaster cytochrome P450 genes. Proc 
Natl Acad Sci USA. 2009;106:5731–6.

 39. Cattenoz PB, Monticelli S, Pavlidaki A, Giangrande A. Toward a Consen-
sus in the Repertoire of Hemocytes Identified in Drosophila. Front Cell 
Dev Biol. 2021;9:643712.

 40. Martinek N, Shahab J, Saathoff M, Ringuette M. Haemocyte-derived 
SPARC is required for collagen-IV-dependent stability of basal laminae 
in Drosophila embryos. J Cell Sci. 2008;121:1671–80.

 41. Kitamoto T, Wang WY, Salvaterra PM. Structure and organization of the 
Drosophila cholinergic locus. J Biol Chem. 1998;273:2706–13.

 42. Daniels RW, Gelfand MV, Collins CA, DiAntonio A. Visualizing gluta-
matergic cell bodies and synapses in Drosophila larval and adult CNS. J 
Comp Neurol. 2008;508:131–52.

 43. Kim NC, Marques G. The Ly6 neurotoxin-like molecule target of wit 
regulates spontaneous neurotransmitter release at the developing neu-
romuscular junction in Drosophila. Dev Neurobiol. 2012;72:1541–58.

 44. Jackson FR, Newby LM, Kulkarni SJ. Drosophila Gabaergic Systems 
- Sequence and Expression of Glutamic-Acid Decarboxylase. J Neuro-
chem. 1990;54:1068–78.

 45. Brooks ES, Greer CL, Romero-Calderon R, Serway CN, Grygoruk A, 
Haimovitz JM, Nguyen BT, Najibi R, Tabone CJ, de Belle JS, et al. A Puta-
tive Vesicular Transporter Expressed in Drosophila Mushroom Bodies 
that Mediates Sexual Behavior May Define a Neurotransmitter System. 
Neuron. 2011;72:316–29.

 46. Han KA, Millar NS, Grotewiel MS, Davis RL. DAMB, a novel dopamine 
receptor expressed specifically in Drosophila mushroom bodies. Neu-
ron. 1996;16:1127–35.

 47. Heisenberg M. Mushroom body memoir: from maps to models. Nat Rev 
Neurosci. 2003;4:266–75.

 48. Ganguly A, Qi C, Bajaj J, Lee D. 2020. Serotonin receptor 5-HT7 in Dros-
ophila mushroom body neurons mediates larval appetitive olfactory 
learning. Sci Rep-Uk 10.

 49. Schwaerzel M, et al. Dopamine and octopamine differentiate between 
aversive and appetitive olfactory memories in Drosophila. J Neurosc. 
2003;23(33):10495–502.

 50. Greer CL, Grygoruk A, Patton DE, Ley B, Romero-Calderon R, Chang HY, 
Houshyar R, Bainton RJ, Diantonio A, Krantz DE. A splice variant of the 
Drosophila vesicular monoamine transporter contains a conserved 
trafficking domain and functions in the storage of dopamine, serotonin, 
and octopamine. J Neurobiol. 2005;64:239–58.

 51. Cole SH, Carney GE, McClung CA, Willard SS, Taylor BJ, Hirsh J. Two 
functional but noncomplementing Drosophila tyrosine decarboxylase 
genes. J Biol Chem. 2005;280:14948–55.

 52. Monastirioti M, Linn CE, White K. Characterization of Drosophila 
tyramine beta-hydroxylase gene and isolation of mutant flies lacking 
octopamine. J Neurosci. 1996;16:3900–11.

 53. Demchyshyn LL, Pristupa ZB, Sugamori KS, Barker EL, Blakely 
RD, Wolfgang WJ, Forte MA, Niznik HB. Cloning, Expression, and 
Localization of a Chloride-Facilitated, Cocaine-Sensitive Serotonin 
Transporter from Drosophila-Melanogaster. Proc Natl Acad Sci USA. 
1994;91:5158–62.

 54. Neckameyer WS, Quinn WG. Isolation and characterization of the gene 
for Drosophila tyrosine hydroxylase. Neuron. 1989;2:1167–75.

 55. Porzgen P, Park SK, Hirsh J, Sonders MS, Amara SG. The antidepressant-
sensitive dopamine transporter in Drosophila melanogaster: A primor-
dial carrier for catecholamines. Mol Pharmacol. 2001;59:83–95.

 56. Kolhekar AS, Roberts MS, Jiang N, Johnson RC, Mains RE, Eipper 
BA, Taghert PH. Neuropeptide amidation in Drosophila: Separate 
genes encode the two enzymes catalyzing amidation. J Neurosci. 
1997;17:1363–76.

 57. Barnstedt O, Owald D, Felsenberg J, Talbot CB, Perrat PN, Barnstedt 
O, Owald D, Felsenberg J, Brain R, Moszynski J-P, et al. Memory-
Relevant Mushroom Body Output Synapses Are Cholinergic Article 

https://doi.org/10.1242/dev.01928


Page 22 of 23Corrales et al. Neural Development             (2022) 17:8 

Memory-Relevant Mushroom Body Output Synapses Are Cholinergic. 
Neuron. 2016;89:1–11.

 58. Mahr A, Aberle H. The expression pattern of the Drosophila vesicular 
glutamate transporter: A marker protein for motoneurons and gluta-
matergic centers in the brain. Gene Expr Patterns. 2006;6:299–309.

 59. Schuske K, Palfreyman MT, Watanabe S, Jorgensen EM. UNC-46 is 
required for trafficking of the vesicular GABA transporter. Nat Neurosci. 
2007;10:846–53.

 60. Cosmanescu F, Katsamba PS, Sergeeva AP, Ahlsen G, Patel SD, Brewer 
JJ, Tan LM, Xu SW, Xiao Q, Nagarkar-Jaiswal S, et al. Neuron-Subtype-
Specific Expression, Interaction Affinities, and Specificity Determinants 
of DIP/Dpr Cell Recognition Proteins. Neuron. 2018;100:1385-+.

 61. Deng BW, Li Q, Liu XX, Cao Y, Li BF, Qian, YJ, Xu R, Mao RB, Zhou EX, 
Zhang WX. et al. Chemoconnectomics: Mapping Chemical Transmis-
sion in Drosophila. Neuron. 2019;101;876-+.

 62. Krattinger A, Gendre N, Ramaekers A, Grillenzoni N, Stocker RF. DmOAZ, 
the unique Drosophila melanogaster OAZ homologue is involved in 
posterior spiracle development. Dev Genes Evol. 2007;217:197–208.

 63. Schmucker D, Su AL, Beermann A, Jackle H, Jay DG. Chromophore-
Assisted Laser Inactivation of Patched Protein Switches Cell Fate 
in the Larval Visual-System of Drosophila. Proc Natl Acad Sci USA. 
1994;91:2664–8.

 64. Steller H, Fischbach KF, Rubin GM. Disconnected - a Locus Required for 
Neuronal Pathway Formation in the Visual-System of Drosophila. Cell. 
1987;50:1139–53.

 65. Brown S, Hombria JCG. Drosophila grain encodes a GATA transcription 
factor required for cell rearrangement during morphogenesis. Develop-
ment. 2000;127:4867–76.

 66. Nässel, Dick R. Substrates for neuronal cotransmission with neuropep-
tides and small molecule neurotransmitters in Drosophila. Front Cell 
Neurosci. 2018;12:83.

 67. Feng G, Hannan F, Reale V, Hon YY, Kousky CT, Evans PD, Hall LM. Clon-
ing and functional characterization of a novel dopamine receptor from 
Drosophila melanogaster. J Neurosci. 1996;16:3925–33.

 68. Gotzes F, Balfanz S, Baumann A. Primary structure and functional char-
acterization of a Drosophila dopamine receptor with high homology to 
human D1/5 receptors. Recept Channels. 1994;2:131–41.

 69. Grams R, Korge G. The mub gene encodes a protein containing three 
KH domains and is expressed in the mushroom bodies of Drosophila 
melanogaster. Gene. 1998;215:191–201.

 70. Han PL, Levin LR, Reed RR, Davis RL. Preferential expression of the Dros-
ophila rutabaga gene in mushroom bodies, neural centers for learning 
in insects. Neuron. 1992;9:619–27.

 71. Levin LR, Han PL, Hwang PM, Feinstein PG, Davis RL, Reed RR. The 
Drosophila learning and memory gene rutabaga encodes a Ca2+/
Calmodulin-responsive adenylyl cyclase. Cell. 1992;68:479–89.

 72. Bai J, Hartwig JH, Perrimon N. SALS, a WH2-domain-containing protein, 
promotes sarcomeric actin filament elongation from pointed ends dur-
ing Drosophila muscle growth. Dev Cell. 2007;13:828–42.

 73. Schwartz S, Truglio M, Scott MJ, Fitzsimons HL. Long-Term Memory 
in Drosophila Is Influenced by Histone Deacetylase HDAC4 
Interacting with SUMO-Conjugating Enzyme Ubc9. Genetics. 
2016;203:1249–64.

 74. Lai C, McMahon R, Young C, Mackay TF, Langley CH. quemao, a Dros-
ophila bristle locus, encodes geranylgeranyl pyrophosphate synthase. 
Genetics. 1998;149:1051–61.

 75. Mardon G, Solomon NM, Rubin GM. dachshund encodes a nuclear 
protein required for normal eye and leg development in Drosophila. 
Development. 1994;120:3473–86.

 76. Siegmund T, Korge G. Innervation of the ring gland of Drosophila 
melanogaster. J Comp Neurol. 2001;431:481–91.

 77. Campbell G, Goring H, Lin T, Spana E, Andersson S, Doe CQ, Tomlinson 
A. RK2, a glial-specific homeodomain protein required for embryonic 
nerve cord condensation and viability in Drosophila. Development. 
1994;120:2957–66.

 78. Read D, Manley JL. Alternatively spliced transcripts of the Drosophila 
tramtrack gene encode zinc finger proteins with distinct DNA binding 
specificities. EMBO J. 1992;11:1035–44.

 79. Yildirim K, Petri J, Kottmeier R, Klambt C. Drosophila glia: Few cell types 
and many conserved functions. Glia. 2019;67:5–26.

 80. Altenhein B, Becker A, Busold C, Beckmann B, Hoheisel JD, Technau GM. 
Expression profiling of glial genes during Drosophila embryogenesis. 
Dev Biol. 2006;296:545–60.

 81. Caggese C, Caizzi R, Grieco F, Bozzetti MP, Ritossa F. Genetic-Determi-
nants of Glutamine-Synthetase in Drosophila-Melanogaster - Role of 
the 10b8-11 Region. Mol Gen Genet. 1986;204:208–13.

 82. Thimgan MS, Berg JS, Stuart AE. Comparative sequence analysis and tis-
sue localization of members of the SLC6 family of transporters in adult 
Drosophila melanogaster. J Exp Biol. 2006;209:3383–404.

 83. Matthias K, Kirchhoff F, Seifert G, Huttmann K, Matyash M, Kettenmann 
H, Steinhauser C. Segregated expression of AMPA-type glutamate 
receptors and glutamate transporters defines distinct astrocyte popula-
tions in the mouse hippocampus. J Neurosci. 2003;23:1750–8.

 84. Perez MM, Schachter J, Berni J, Quesada-Allue LA. The enzyme 
NBAD-synthase plays diverse roles during the life cycle of Drosophila 
melanogaster. J Insect Physiol. 2010;56:8–13.

 85. Liu HZ, Su YC, Becker E, Treisman J, Skolnik EY. A Drosophila TNF-recep-
tor-associated factor (TRAF) binds the Ste20 kinase Misshapen and 
activates Jun kinase. Curr Biol. 1999;9:101–4.

 86. Rose U, Derst C, Wanischeck M, Marinc C, Walther C. Properties and 
possible function of a hyperpolarisation-activated chloride current in 
Drosophila. J Exp Biol. 2007;210:2489–500.

 87. Yuan LL, Ganetzky B. A glial-neuronal signaling pathway revealed by 
mutations in a neurexin-related protein. Science. 1999;283:1343–5.

 88. Melom JE, Littleton JT. Mutation of a NCKX Eliminates Glial Micro-
domain Calcium Oscillations and Enhances Seizure Susceptibility. J 
Neurosci. 2013;33:1169–78.

 89. Noordermeer JN, Kopczynski CC, Fetter RD, Bland KS, Chen WY, Good-
man CS. Wrapper, a novel member of the Ig superfamily, is expressed 
by midline glia and is required for them to ensheath commissural axons 
in Drosophila. Neuron. 1998;21:991–1001.

 90. Bainton RJ, Tsai LTY, Schwabe T, DeSalvo M, Gaul U, Heberlein U. moody 
Encodes two GPCRs that regulate cocaine behaviors and blood-brain 
barrier permeability in Drosophila. Cell. 2005;123:145–56.

 91. Mulligan KA, Fuerer C, Ching W, Fish M, Willert K, Nusse R. Secreted Wing-
less-interacting molecule (Swim) promotes long-range signaling by 
maintaining Wingless solubility. Proc Natl Acad Sci USA. 2012;109:370–7.

 92. Wu CT, Budding M, Griffin MS, Croop JM. Isolation and Characteriza-
tion of Drosophila Multidrug Resistance Gene Homologs. Mol Cell Biol. 
1991;11:3940–8.

 93. Chahine S, O’Donnell MJ. Physiological and molecular characterization 
of methotrexate transport by Malpighian tubules of adult Drosophila 
melanogaster. J Insect Physiol. 2009;55:927–35.

 94. Faust JE, Verma A, Peng C, McNew JA. An inventory of peroxiso-
mal proteins and pathways in Drosophila melanogaster. Traffic. 
2012;13:1378–92.

 95. Lim HY, Wang W, Wessells RJ, Ocorr K, Bodmer R. Phospholipid homeo-
stasis regulates lipid metabolism and cardiac function through SREBP 
signaling in Drosophila. Genes Dev. 2011;25:189–200.

 96. Lye JC, Richards CD, Dechen K, Warr CG, Burke R. In vivo zinc toxicity 
phenotypes provide a sensitized background that suggests zinc trans-
port activities for most of the Drosophila Zip and ZnT genes. J Biol Inorg 
Chem. 2013;18:323–32.

 97. Meyer H, Vitavska O, Wieczorek H. Identification of an animal sucrose 
transporter. J Cell Sci. 2011;124:1984–91.

 98. Limmer S, Weiler A, Volkenhoff A, Babatz F, Klambt C. The Drosophila 
blood-brain barrier: development and function of a glial endothelium. 
Front Neurosci. 2014;8:365.

 99. Ng FS, Sengupta S, Huang Y, Yu AM, You S, Roberts MA, Iyer LK, Yang Y, 
Jackson FR. TRAP-seq Profiling and RNAi-Based Genetic Screens Identify 
Conserved Glial Genes Required for Adult Drosophila Behavior. Front 
Mol Neurosci. 2016;9:146.

 100. Deak II. Thoracic duplications in the mutant wingless of Drosophila and 
their effect on muscles and nerves. Dev Biol. 1978;66:422–41.

 101. Godt D, Couderc JL, Cramton SE, Laski FA. Pattern formation in the 
limbs of Drosophila: bric a brac is expressed in both a gradient and a 
wave-like pattern and is required for specification and proper segmen-
tation of the tarsus. Development. 1993;119:799–812.

 102. Gomez-Skarmeta JL, Modolell J. araucan and caupolican provide a link 
between compartment subdivisions and patterning of sensory organs 
and veins in the Drosophila wing. Genes Dev. 1996;10:2935–45.



Page 23 of 23Corrales et al. Neural Development             (2022) 17:8 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 103. Jurgens G. Head and tail development of the Drosophila embryo 
involves spalt, a novel homeotic gene. EMBO J. 1988;7:189–96.

 104. McKenna M, Monte P, Helfand SL, Woodard C, Carlson J. A simple 
chemosensory response in Drosophila and the isolation of acj mutants 
in which it is affected. Proc Natl Acad Sci USA. 1989;86:8118–22.

 105. McNeill H, Yang CH, Brodsky M, Ungos J, Simon MA. mirror encodes 
a novel PBX-class homeoprotein that functions in the definition 
of the dorsal-ventral border in the Drosophila eye. Genes Dev. 
1997;11:1073–82.

 106. Tichy AL, Ray A, Carlson JR. A new Drosophila POU gene, pdm3, acts in 
odor receptor expression and axon targeting of olfactory neurons. The 
Journal of neuroscience : the official journal of the Society for Neurosci-
ence. 2008;28:7121–9.

 107. Wurmbach E, Wech I, Preiss A. The Enhancer of split complex of Dros-
ophila melanogaster harbors three classes of Notch responsive genes. 
Mech Dev. 1999;80:171–80.

 108. Mohr OL. A somatic mutation in the singed locus of the X-chromosome 
in Drosophila melanogaster. Hereditas. 1923;4:142–60.

 109. Simpson JH, Kidd T, Bland KS, Goodman CS. Short-range and long-
range guidance by slit and its robo receptors: Robo and robo2 play 
distinct roles in midline guidance. Neuron. 2000;28:753–66.

 110. Wang YS, Macke JP, Abella BS, Andreasson K, Worley P, Gilbert DJ, Cope-
land NG, Jenkins NA, Nathans J. A large family of putative transmem-
brane receptors homologous to the product of the Drosophila tissue 
polarity gene frizzled. J Biol Chem. 1996;271:4468–76.

 111. Edgar BA, O’Farrell PH. Genetic control of cell division patterns in the 
Drosophila embryo. Cell. 1989;57:177–87.

 112. Richardson HE, O’Keefe LV, Reed SI, Saint R. A Drosophila G1-specific 
cyclin E homolog exhibits different modes of expression during 
embryogenesis. Development. 1993;119:673–90.

 113. Shen CP, Jan LY, Jan YN. Miranda is required for the asymmetric localiza-
tion of Prospero during mitosis in Drosophila. Cell. 1997;90:449–58.

 114. Klambt C. The Drosophila gene pointed encodes two ETS-like proteins 
which are involved in the development of the midline glial cells. Devel-
opment. 1993;117:163–76.

 115. Strecker TR, Kongsuwan K, Lengyel JA, Merriam JR. The zygotic mutant 
tailless affects the anterior and posterior ectodermal regions of the 
Drosophila embryo. Dev Biol. 1986;113:64–76.

 116. Moore AW, Jan LY, Jan YN. hamlet, a binary genetic switch between 
single- and multiple- dendrite neuron morphology. Science. 
2002;297:1355–8.

 117. Weng M, Golden KL, Lee CY. dFezf/Earmuff maintains the restricted 
developmental potential of intermediate neural progenitors in Dros-
ophila. Dev Cell. 2010;18:126–35.

 118. Gautier P, Ledent V, Massaer M, Dambly-Chaudiere C, Ghysen A. tap, 
a Drosophila bHLH gene expressed in chemosensory organs. Gene. 
1997;191:15–21.

 119. Lane ME, Sauer K, Wallace K, Jan YN, Lehner CF, Vaessin H. Dacapo, 
a cyclin-dependent kinase inhibitor, stops cell proliferation during Dros-
ophila development. Cell. 1996;87:1225–35.

 120. Wilkin MB, Becker MN, Mulvey D, Phan I, Chao A, Cooper K, Chung HJ, 
Campbell ID, MacIntyre M, Macintyre R. Drosophila dumpy is a gigantic 
extracellular protein required to maintain tension at epidermal-cuticle 
attachment sites. 2000.

 121. Jazwinska A, Ribeiro C, Affolter M. Epithelial tube morphogenesis 
during Drosophila tracheal development requires Piopio, a luminal ZP 
protein. 2003.

 122. Bokel C, Prokop A, Brown N.H. Papillote and Piopio: Drosophila ZP-
domain proteins required for cell adhesion to the apical extracellular 
matrix and microtubule organization. 2005.

 123. Iordanou E, Chandran R.R, Yang Y, Essak M, Blackstone N, Jiang L. The 
novel Smad protein Expansion regulates the receptor tyrosine kinase 
pathway to control Drosophila tracheal tube size. 2014.

 124. Cao J, Spielmann M, Qiu X, Huang X, Ibrahim DM, Hill AJ, Trapnell C. 
The single-cell transcriptional landscape of mammalian organogenesis. 
Nature. 2019;566(7745):496.

 125. Qiu X, Mao Q, Tang Y, Wang L, Chawla R, Pliner HA, Trapnell C. Reversed 
graph embedding resolves complex single-cell trajectories. Nat Meth-
ods. 2017;14(10):979.

 126. Trapnell C, Cacchiarelli D, Grimsby J, Pokharel P, Li S, Morse M, Rinn JL. 
The dynamics and regulators of cell fate decisions are revealed by pseu-
dotemporal ordering of single cells. Nat Biotechnol. 2014;32(4):381.

 127. Feng G, Reale V, Chatwin H, Kennedy K, Venard R, Ericsson C, Yu K, Evans 
PD, Hall LM. Functional characterization of a neuropeptide F-like recep-
tor from Drosophila melanogaster. Eur J Neurosci. 2003;18:227–38.

 128. Gall JG, Pardue ML. Formation and Detection of Rna-DNA Hybrid 
Molecules in Cytological Preparations. Proc Natl Acad Sci USA. 
1969;63:378–0.

 129. Schlegel P, Texada MJ, Miroschnikow A, Schoofs A, Hückesfeld S, Peters 
M, Truman JW. Synaptic transmission parallels neuromodulation in a 
central food-intake circuit. Elife. 2016;5: e16799.

 130. Rulifson EJ, Kim SK, Nusse R. Ablation of insulin-producing 
neurons in flies: growth and diabetic phenotypes. Science. 
2002;296(5570):1118–20.

 131. Brogiolo W, Stocker H, Ikeya T, Rintelen F, Fernandez R, Hafen E. An 
evolutionarily conserved function of the Drosophila insulin recep-
tor and insulin-like peptides in growth control. Current biology : CB. 
2001;11:213–21.

 132. Cao C, Brown MR. Localization of an insulin-like peptide in brains of two 
flies. Cell Tissue Res. 2001;304:317–21.

 133. Los GV, Encell LP, McDougall MG, Hartzell DD, Karassina N, Zimprich C, 
Wood MG, Learish R, Ohana RF, Urh M, et al. HaloTag: a novel protein 
labeling technology for cell imaging and protein analysis. ACS Chem 
Biol. 2008;3:373–82.

 134. Luan H, Lemon WC, Peabody NC, Pohl JB, Zelensky PK, Wang D, Nita-
bach MN, Holmes TC, White BH. Functional dissection of a neuronal 
network required for cuticle tanning and wing expansion in Drosophila. 
J Neurosci. 2006;26(2):573–84.

 135. Pfeiffer BD, Ngo TT, Hibbard KL, Murphy C, Jenett A, Truman JW, Rubin 
GM. Refinement of tools for targeted gene expression in Drosophila. 
Genetics. 2010;186(2):735–55.

 136. Lacin, et al. “Neurotransmitter identity is acquired in a lineage-restricted 
manner in the Drosophila CNS.” eLife vol. 8 e43701. 2019, https:// doi. 
org/ 10. 7554/ eLife. 43701

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.7554/eLife.43701
https://doi.org/10.7554/eLife.43701

	A single-cell transcriptomic atlas of complete insect nervous systems across multiple life stages
	Abstract 
	Background
	Methods
	Contact for reagent and resource sharing
	Fly stocks
	Single cell isolation
	10X Genomics
	mRNA in situ hybridization
	Confocal and BB-SIM Imaging

	Single cell bioinformatic analysis pipeline
	Expression matrix generation
	Quality control, individual sample processing and integration
	Unsupervised clustering and annotation
	Novel cell-type specific gene discovery
	Temporal expression
	Differential expression among subclasses or superclasses


	Results
	Single cell transcriptomics atlas of the Drosophila larval central nervous system
	Identification of mature larval neuron clusters and their differentially expressed genes
	Transcriptomics reveals distinct larval KC types consistent with the connectome
	Hemocyte, ring gland and glial clusters and their differentially expressed genes
	Differentially expressed genes in immature adult neurons
	Differentially expressed genes in neuronal precursors
	Developmental profile of gene expression across distinct life stages
	Validating transcriptomic predictions

	Discussion
	Atlas of genes enriched in each neuron cluster provides a powerful resource for bridging the gap between genes, circuits and behaviour
	Gene expression atlas at distinct stages provides a resource for studying age-related changes in larval neurons and the specification of adult neurons

	Conclusions
	Acknowledgements
	References


