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Cell-type-specific tools facilitate the identification and functional char-

acterization of distinct cell types, which underly the complexity of neu-

ronal circuits. A large collection of existing genetic tools in Drosophila

relies on enhancer activity to label different subsets of cells. These

enhancer-based GAL4 lines often fail to show a predicable expression

pattern to reflect the expression of nearby gene(s), partly due to an

incomplete capture of the full gene regulatory elements. While ge-

netic intersectional technique such as the split-GAL4 system further

improve cell-type-specificity, it requires significant time and resource

to generate and screen through combinations of enhancer expression

patterns. In addition, since existing enhancer-based split-GAL4 lines

that show cell-type-specific labeling in adult are not necessarily active

nor specific in early development, there is a relative lack of tools for

the study of neural development. Here, we use an existing single-cell

RNA sequencing (scRNAseq) dataset to select gene pairs and provide

an efficient pipeline to generate cell-type-specific split-GAL4 lines

based on the native genetic regulatory elements. These gene-specific

split-GAL4 lines can be generated from a large collection of coding

intronic MiMIC/CRIMIC lines either by embryo injection or in vivo cas-

sette swapping crosses and/or CRISPR knock-in at the N or C terminal

of the gene. We use the developing Drosophila visual system as a

model to demonstrate the high prediction power of scRNAseq-guided

gene specific split-GAL4 lines in targeting known cell types. The

toolkit allows efficient cluster annotation in scRNAseq datasets but

also the identification of novel cell types. Lastly, the gene-specific

split-GAL4 lines are broadly applicable to Drosophila tissues. Our

work opens new avenues for generating cell-type-specific tools for the

targeted manipulation of distinct cell types throughout development

and represents a valuable resource to the fly research community.
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Proper function of the nervous system relies on the interac-
tions between a large number of different neurons to form

circuits. Understanding the tremendous neuronal diversity
in the central nervous system and the role of each neuronal
type often requires cell-type-specific genetic manipulations.
In Drosophila, binary expression systems such as GAL4/UAS
(1), LexA/LexAop (2), and QF/QUAS (3) systems have been
widely used for creating cell-type-specific genetic reagents. For
example, a large collection of enhancer-based GAL4 driver
lines (e.g., GMR-GAL4 and VT-GAL4) were created, each of
which contains 2-3 kb genomic DNA sequences that capture
distinct enhancer fragments, allowing genetic access to differ-
ent subsets of cells (4, 5). Searchable databases for expression
patterns in the central brain as well as the ventral nerve cord
are available for most of the enhancer-based GAL4 driver lines,

facilitating the identification of genetic tools labeling cell types
of interest. Although the enhancer-based GAL4 lines labels
fewer neurons than enhancer trap GAL4 lines given the use
of smaller regulatory genomic sequences, it is often needed
to further restrict the expression pattern to achieve desired
cell-type specificity by genetic intersectional techniques, such
as split-GAL4/LexA systems.

The split-GAL4/LexA system has significantly improved
the labeling specificity by splitting GAL4/LexA into
GAL4/LexA DNA binding domain (DBD) and transcriptional
activation domain (AD), with the expression of each domain
under the control of different enhancers (6–9). The genetic
intersection is achieved when cells have both enhancers ac-
tive, thereby reconstituting functional GAL4/LexA expression.
While there are thousands of split-GAL4 lines created by using
the same enhancer fragments as the original GAL4 lines, pre-
sumably having the same expression pattern, these split-GAL4
expression pattern is often inconsistent with the original GAL4
lines (10, 11). This limits the use of the GAL4 expression
database for searching specific elements to drive split-GAL4
components. Due to the occasional inconsistency, to generate a
highly specific split-GAL4 line for the cell type of interest, one
would often need to manually go through the expression image
database and look for candidate lines that label the cell type
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of interest. Subsequently, numerous different combinations of
split-GAL4 lines are built and validated experimentally for
desired expression pattern. This is often a labor-intensive
and time-consuming process. Although the color maximum
intensity projection images (color MIPs) algorithm or Neu-
ronBridge software have been recently developed to expedite
the search for split-GAL4 combinations (12, 13), it remains
challenging to efficiently create cell-type specific split-GAL4
lines with high prediction power.

The time and resource consumption for making cell-type-
specific split-GAL4 lines is even more challenging for devel-
opmental studies. Many existing cell-type-specific genetic
tools are developed for functional studies in the adult central
nervous system but often fail to show expression during devel-
opment. For example, neurotransmitters or their receptors are
frequently used as genetic markers for labeling a subset of cell
types, but they are not expressed early during development
when circuits are forming. The lack of developmental cell-
type-specific tools limits the ability to visualize and conduct
genetic perturbation for developing neurons. The existing
collection of enhancer-based GAL4 or split-GAL4 driver lines
often do not reflect the expression of the nearby gene and tend
to have random expression patterns, nor do they have sys-
tematic documentation of developmental expression patterns,
thus hindering the prediction of the expression pattern in a
cell-type-specific manner during development.

In this study, we used the developing Drosophila visual
system as a model to establish a pipeline for generating highly
cell-type-specific split-GAL4 lines labeling neurons throughout
development. Recent studies have produced single-cell tran-
scriptomic atlases for all neurons at different stages of develop-
ment of the Drosophila visual system and identified around 250
distinct cell types (14, 15). We used these datasets to develop
a systematic pipeline for analyzing gene expression in each cell
type across various developmental stages. Instead of relying on
screening for expression patterns, we identified pairs of genes
that are expressed together in only one or very few clusters
and generated split-GAL4 drivers that precisely reproduce the
expression of the gene at any given developmental stage and
together restrict expression to cells where the two genes of
the split-GAL4 are co-expressed. Instead of using enhancers
that often poorly reflect the expression of the nearby gene, we
chose to insert the reporter within the coding sequence using
a gene-specific T2A-split-GAL4 approach that much more
faithfully reports expression of the gene identified in the de-
velopmental scRNAseq. These gene-specific T2A-split-GAL4
lines can be generated through the Recombinase-mediated
cassette exchange (RMCE) of T2A-split-GAL4 elements from
the large existing collection of MiMIC/CRIMIC lines (16–19)
or by N- or C-terminal knock-in of T2A-split-GAL4 elements
through CRISPR genome editing. We find high accuracy
in labeling predicted cell types using these split-GAL4 lines
whose expression was consistent with the scRNAseq expres-
sion at the different stages of development. This collection of
highly cell-type-specific developmental split-GAL4 lines is a
powerful tool to annotate unidentified clusters in scRNAseq
datasets and identify novel cell types. Additionally, to expend
its applicability, we generated in vivo swapping donor flies
for creating these gene-specific split-GAL4 lines by genetic
crosses, eliminating the need to perform embryo injection.
Taken together, the scRNAseq-guided split-GAL4 strategy

provides highly cell-type-specific developmental genetic tools
to study key genes controlling various neuronal developmental
processes. The gene-specific split-GAL4 toolkit developed in
our study is adaptable by design to other tissues in Drosophila

and will be a great resource for the fly community.

Results

Pipeline for generating gene-specific T2A-split-GAL4 lines.

Our recent scRNAseq dataset of adult Drosophila optic lobe
(15) identified about 250 clusters that presumably represent at
least 250 different cell types (we will treat these clusters as cell
types in the study and assume each cluster is homogenous un-
less stated otherwise) (Fig. 1A), some of which are categorized
into several broad classes such as distal medulla (Dm), lamina
(L), lamina wide-field (Lawf), lobula columnar (LC), Lobula
Plate intrinsic (LPi), medullar intrinsic (Mi), transmedullary
(Tm), and transmedullary Y (TmY) neurons, each of which
has distinct morphological features that allow assignment to
a specific class (Fig. 1B). We used our scRNAseq data to
identify genes that are expressed in a cluster and would thus
label only one cell type. However, there is a lack of single
and clean marker gene that only labels one cluster in the
adult scRNAseq optic lobe dataset, limiting the use of a single
GAL4 line reporting the expression of this single gene for
cell-type-specific labeling. To broaden the search of cell-type-
specific genetic tools for more clusters, we therefore looked for
pairs of genes expressed together in one or very few clusters
and used the split-GAL4 genetic intersectional strategy where
GAL4DBD and GAL4AD (either GAL4AD, p65, or VP16)
are under the control of two different sets of genetic regulatory
elements (Fig. 1C). We did not use enhancer-based split-GAL4
lines since these enhancer fragments often do not reproduce
the expression of the nearby gene and therefore likely do not
recapitulate expression of the selected gene. Therefore, we
chose the gene-specific-T2A-split-GAL4 approach to better
recapitulate the endogenous target gene expression. There are
two main ways to create gene-specific-T2A-split-GAL4 lines:
1) T2A-split-GAL4 cassette can be knocked into either the
N- or C-terminal of the endogenous gene by CRISPR (Fig.
1D-E); 2) T2A split-GAL4 transgenes can be integrated into
coding introns of targeted genes by Recombinase-mediated
cassette exchange (RMCE) (Fig. 1F) (16–19). For the latter,
a T2A-split-GAL4 donor cassette flanked by attB sequence
can be exchanged with a large collection of coding intronic
MiMIC/CRIMIC insertions flanked by attP sequence in the
presence of C31 integrase. The T2A-split-GAL4 cassette is
subsequently spliced into the endogenous RNA transcript via
the provided splicing acceptor and donor sequences in the
cassette. After translation of the integrated transgenic cas-
sette, the split-GAL4 protein is released from the endogenous
truncated protein through a self-cleaving T2A sequence. The
expression of these gene-specific-T2A-split-GAL4 should have
the same expression pattern as the endogenous target gene
since they both use the same native gene regulatory elements.

We next aimed to identify pairs of genes that label each spe-
cific cluster of interest. Due to the sparse nature of scRNAseq
and the possible presence of ambient RNAs, many droplets
would still have zero transcript detected even when a gene is
in fact expressed. Ambient RNAs could also introduce low
read counts into some droplets even when a gene is not really
expressed. It is thus challenging to determine whether a given
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Fig. 1. (A) t-SNE plot of the scRNAseq dataset of the
adult Drosophila optic lobe. Clusters in gray represent
unannotated clusters. Clusters with other colors are an-
notated in previous study (15). (B) Schematic diagram
of the Drosophila visual system with representative cell
types in several major classes. There are four main neu-
ropils in the optic lobe: lamina, medulla, lobula, and lob-
ula plate. Distal medulla (Dm), lamina (L), lamina wide-
field (Lawf), lobula columnar (LC), Lobula Plate intrinsic
(LPi), medullar intrinsic (Mi), transmedullary (Tm), trans-
medullary Y (TmY). (C) Schematic diagram of the split-
GAL4 system. GAL4 can be split into GAL4 DNA-binding
domain (GAL4DBD) and activation domain (AD). Labeling
specificity is further restricted when GAL4DB and AD are
under the control of two different enhancers and only the
cells with both enhancers active have a functional recon-
stituted GAL4 for driving reporter gene expression. (D-F)
Schematic diagram of the gene-specific split-GAL4 gener-
ation. Gene-specific split-GAL4 lines can be generated ei-
ther through N- (D) or C-terminal T2A-split-GAL4 knock-in
(E), or through Recombinase-mediated cassette exchange
(RMCE) of T2A-split-GAL4 elements from the large existing
collection of MiMIC/CRIMIC lines (F). The expression of a
split-GAL4 reporter depends on the native gene regulatory
network and is expected to recapitulate the endogenous
transcript expression detected in the scRNAseq dataset.
(G) Log-normalized expression of Tj (top) and Kn (bottom)
for different clutters. (H) Binarization of gene expression
by mixture modeling (15, 20). A probability (ON) score
ranging from 0 to 1 is assigned to each cluster: 0 indicates
no expression while 1 indicates strong expression. We set
the probability score of 0.5 as an expression threshold and
classified every gene in every cluster as either ON or OFF.
Note that it is practically challenging to define whether a
given gene is expressed in each cluster. For example, Tj
showed similar expression level between cluster 39 and
L2, yet, cluster 39 but not L2 is predicted to express Tj
based on mixture modeling binarization.

gene is expressed in a given cluster by a fixed threshold for
the expression level at single-cell level (lognorm value) (Fig.
1G). To address this issue, we first binarized the gene expres-
sion in the scRNAseq dataset via mixture modeling (15, 20)
so that each gene was assigned to an expression probability
score [probability (ON)] ranging from 0 to 1 in each cluster, 0
indicating no expression while 1 indicates strong expression.
We set the probability score of 0.5 as an expression threshold
and classified every gene in every cluster as either ON or OFF
(Fig. 1H). For example, after mixture modeling binarization,
two transcription factors: Traffic jam (Tj) and Knot (Kn),
were predicted to be expressed in 13 and 8 adult clusters,
respectively. However, in silico genetic intersection between
Tj and Kn predicted to label only one cluster (TmY14) (Fig.
1G-H). The binarization of gene expression in scRNAseq data
allows efficient selection of gene pairs for split-GAL4 genetic
intersection targeting any given cluster.

Validation of cell-type specificity for gene-specific T2A-split-

GAL4 lines in the adult Drosophila optic lobe. We next gener-
ated a larger collection of gene-specific T2A-split-GAL4 lines
predicted to label various known cell types in the optic lobes.

Each cell type tested comprises unique morphological features
projecting to specific layer(s) in the neuropil(s). To better as-
certain the identity of neurons, we used sparse labeling through
the MultiColor FlpOut (MCFO) technique (21). We validated
our in silico prediction by crossing these split-GAL4 lines with
a UAS-GFP reporter for full expression or to MCFO lines for
sparse labeling. Five split-GAL4 combinations were predicted
to be only present together in one cluster and thus should
specifically label only one cell type: TmY14 was labeled by Tj-
DBD + Kn-p65 (Fig. 2A), Dm1 was labeled by CG5160-DBD
+ DIP-GAL4AD (Fig. 2B), Dm12 was labeled by Tj-DBD +
Dop1R2-VP16 (Fig. 2C), Mi15 was labeled by CngA-DBD +
Ple-p65 (Fig. 2D), and LPLC2 was labeled by Acj6-DBD +
DIP -VP16 (Fig. 2E). There are more than one split-GAL4
combinations labeling the same cluster. For further valida-
tion of this approach, we asked whether we could observe
the targeted cluster by using different combinations of genes.
We found that Dm1 could also be labeled by CG5160-DBD
+ Tj-VP16 (in addition to CG5160-DBD + DIP-GAL4AD
used above). We tested the expression of this split-GAL4 line
and found that it indeed label Dm1, although sparse labeling
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Fig. 2. Characterization of selected gene-specific split-
GAL4 lines targeting different cell types/clusters. Targeted
cell types predicted by scRNAseq expression are shown in
the lower left corner for each split-GAL4 line. The expres-
sion pattern of each split-GAL4 line is shown either with
UAS-myr-GFP reporter for full expression (right) or with
UAS-MCFO lines for sparse labeling (right). (A-E) Exam-
ples of split-GAL4 lines targeting single cell types. (F-G)
Example of split-GAL4 lines targeting two cell types. (H-I)
Examples of split-GAL4 lines targeting unannotated cell
types in the scRNAseq dataset. Anti-NCad staining (gray)
is used for visualizing neuropils. Images are substack pro-
jections from full expression labeling or segmented single
cells from sparse labeling to show distinct morphological
features of distinct cell types. Scale bar: 10 µm.

confirms the presence of additional neurons, such as Dm11
and L2 (SI Appendix, Fig. S1A).

We next used two lines that were predicted to each label
two known clusters: Dm11 and LC12 were both labeled by
Reck-DBD + CG14322-VP16 (Fig. 2F) while Lawf1 and
Lawf2 were both labeled by Fer2-DBD + Eya-VP16 (Fig. 2G).
Another distinct combination of genes was predicted to label
Dm11 and LC12: Indeed CG9896-GAL4DBD + CG14322-
VP16 labeled these two cell types (SI Appendix, Fig. S1B).
Additional cell types were also labeled by this combination,
such as the neurons from cluster 30 (named MeSps neurons,
see later description) and another unknown neuron in the
lobula (SI Appendix, Fig. S1B-C). Our results showed that
all target cell types were labeled by the predicted split-GAL4
combinations, although additional cell types might be observed
in some cases.

Gene-specific T2A-split-GAL4 line uncovers a novel cell type.

The high accuracy in predicted clusters using the gene-specific
T2A-split-GAL4 lines facilitates not only assigning known cell
types to unannotated clusters in our scRNAseq data (Fig.

2H-I), but also identifying novel cell types that have not been
described. In our scRNAseq dataset, we found that TkR86C
and CG14322 is expressed in 12 and 8 clusters, respectively
(Fig. 3A). However, cluster 30, an unannotated cluster, is
the only cluster after in silico genetic intersection of these
two genes (Fig. 3A). We generated a gene-specific split-GAL4
line with (TkR86C-DBD + CG14322-VP16) and examined
its expression in the adult optic lobe. We found TkR86C-
DBD + CG14322-VP16 split-GAL4 line labeled a novel type
of medulla projection neuron whose cell body is located in the
medulla cortex and its neurites innervate medulla layer M7
(the serpentine layer) (Fig. 3B-C). Sparse labeling revealed
that cluster 30 neurons bifurcate at M7 layer with one neurite
branch innervating multiple visual columns (Fig. 3D-E) and
another branch running along the border of the medulla and
lobula and projecting to the superior posterior slope (Sps) in
the central brain (Fig. 3F-G). The bifurcation of neurites in
the medulla can be bidirectional (Fig. 3E) and all medulla
columns are innervated by a total of 40-50 cells (Fig. 3B-
C). We named this novel medulla projection neuron Medulla-
Superior posterior slope, MeSps.
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Fig. 3. (A) Log-normalized expression of TkR86C and
CG14322 for different clutters (Top). Mixture modeling bi-
narization of expression status for both genes is shown at
the bottom. Note that cluster 30 is predicted to be the only
cluster intersected by TkR86C and CG14322. (B-C) The
full expression pattern of TkR86C-DBD + CG14322-VP16
line is shown with UAS-myr-GFP reporter. Note that there
is an additional cell type in the lobula with only 2-3 cells
labeled. The cell bodies of MeSps neurons are restricted
to the medulla cortex. (D-E) Sparse labeling of MeSps neu-
rons using MCFO. The bifurcation of neurites at M7 layer
can be bidirectional (arrowhead to the anterior projection;
arrow to the posterior projection). m: medulla; lo: lobula;
lop: lobula plate. Scale bar: 10 m. (F-G) Sparse labeling
of MeSps neurons using MCFO show their projection to
the superior posterior slope (Sps). Single optical section
(F) or substack maximum projections (G) are shown. Scale
bar: 100 m. Anti-NCad staining (gray) is used for visualiz-
ing neuropils. (H) Log-normalized expression of selected
transcription factors (Toy, Tj, Pros, Fd59a, and Kn) (Top).
Mixture modeling binarization of expression status for se-
lected genes are shown at the bottom. Note that cluster
30 is predicted to be the only cluster positive for Toy, Tj,
Pros, and Fd59a. Kn is used to serve as a negative marker
for cluster 30. (I-J) Co-staining of MeSps neurons labeled
by TkR86C-DBD and CG14322-VP16 with anti-Toy (Gray)
and anti-Tj (Magenta) in I and anti-Pros (Gray) and anti-
Fd59a (Magenta) in J. MeSps neurons expressing GFP
reporter are outlined in dotted circles. Scale bar: 10 µm.
(K) Schematic diagram of MeSps neurons, a novel type of
medulla projection neurons.

Since MeSps neurons have never been described before, we
performed immunofluorescence staining for additional tran-
scription factor markers that collectively define cluster 30 in
the scRNAseq data (Fig. 3H). This confirmed that MeSps
neurons are positive for Toy, Tj, Pros, and Fd59a (Fig. 3I-J),
while negative for Kn (SI Appendix, Fig. S2). In conclusion,
we identified a novel medulla projection neuron by using the
gene-specific split-GAL4 approach (Fig. 3K), and we have
high confidence in assigning cluster 30 to the MeSps neurons
labeled by this split-GAL4 line due to the additional staining
results of four positive transcription factor markers.

Gene-specific T2A-split-GAL4 lines label neurons from early

developmental stages to adulthood. There are many existing
split-GAL4 lines generated by the enhancer-based approach
that specifically label various cell types in the Drosophila optic
lobe (20, 22, 23). However, most of the lines do not label the
same cell types during pupal development, and some of the
drivers are expressed in different neuronal types during devel-
opment. Taking advantage of the high prediction accuracy of
our scRNAseq-guided gene-specific split-GAL4 approach and
the availability of single-cell transcriptomes of all optic lobe

neurons in the optic lobe at five pupal stages (P15, P30, P40,
P50, and P70), we selected split-GAL4 lines where both genes
were co-expressed at most if not all pupal stages. We tested
four different split-GAL4 combinations targeting the TmY14
(Fig. 4A), MeSps (Fig. 4B), Dm11/LC12 (Fig. 4C), and
LPi4-3 (Fig. 4D) and examined the expression at two earlier
developmental stages (P15 and P50). All four split-GAL4
drivers consistently labeled the predicted cell types at these
time points, albeit additional cell types were observed (Fig.
4A-D). For example, a lobula columnar neuron was labeled by
the MeSps split-GAL4 driver (Fig. 4B); lamina neurons were
labeled in LPi4-3 split-GAL4 driver (Fig. 4D). Another split-
GAL4 combination (Beat-IIIc-GAL4DBD + DIP-GAL4AD)
predicted to label LPi4-3 from P15 to P70 did show LPi4-3
labeling exclusively at P15 but showed at least two additional
cell types in adults (one in lobula and another in medulla) (SI
Appendix, Fig. S3). These results support the consistency
of predicted cell types labeled across developmental stages by
the scRNAseq-guided gene-specific split-GAL4 approach.

Extensive predicted optic lobe cluster coverage by marker

gene pairs. There are around 250 clusters in our recent single-
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Fig. 4. Developmental characterization of selected gene-
specific split-GAL4 lines targeting different cell types/clus-
ters. Targeted cell types predicted by scRNAseq expres-
sion are shown in the lower left corner for each split-GAL4
line. The full expression pattern of each split-GAL4 line
is shown with UAS-myr-GFP reporter at P15, P50, and
adult stages. Note that the targeted cell types are always
observed at multiple developmental stages, although other
cell types might be observed. Anti-NCad staining (gray)
is used for visualizing neuropils. Images are substack
projections from full expression labeling to show distinct
morphological features of distinct cell types. Scale bar: 10
µm.
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cell developmental transcriptomic atlas (15). After merging
developmental subclusters and excluding immature clusters,
ganglion mother cells (GMCs), or transient extrinsic (TE)
neurons that are only present during development and not
in the adult, there are 198 clusters having a corresponding
cluster in the adult. We aimed to determine how many clusters
could be labeled by combinations of gene pairs throughout
development using the scRNAseq-guided gene-specific split-
GAL4 approach (Fig. 5). We first defined an ideal gene pair as
the one that labels only a single cluster for all six developmental
stages while none of the other clusters showed any expression
by this gene pair at any developmental stages (Fig. 5A).
We found 91 clusters that can be labeled by ideal gene pairs
and cell-type-specific split-GAL4 driver lines targeting these
clusters could theoretically be generated. When allowing
expression in 1 or 2 additional non-ideal clusters (defined as the
clusters that show expression at most 2 developmental stages,
either the same non-ideal cluster expressing the gene pair at
2 developmental stages or two non-ideal clusters expressing
the gene pair at 1 developmental stage each), 33 additional
clusters could be labeled (Fig. 5D). These data suggest that
62.6% of the clusters (124/198) can be labeled by split-GAL4
gene pairs that can be used as developmental drivers since
both genes are predicted to be expressed from P15 to adult.

A broader search of potential gene pairs can be done by re-
laxing the definition of the ideal clusters as a cluster expressing
a given gene pair at adult plus several developmental stages.
The more relaxed search strategy addresses the scenario when
a gene combination is only predicted to be not active in a
minority of developmental stages. While this could well reflect
biological variations, considering the sensitive nature of the
binary expression system, it is likely that split-GAL4 perdures
during these stages, and the driver line would still behave
as active throughout all the stages despite transcriptional
fluctuation. We always require the ideal cluster to have the
adult stage labeled to ensure unambiguous identification of
neuronal morphology. When we only look for expression at
adult plus any four out of five (Fig. 5B) or any three out of
five developmental stages (Fig. 5C) for the ideal cluster, then
most clusters are covered by a pair of genes (127/198, 64%
for ideal gene pairs, 163/198, 82.3% for including ideal and
non-ideal gene pairs when selecting adult plus any four out
of five developmental stages; 156/198, 78.8% for ideal gene
pairs, 185/198, 93.4% for including ideal and non-ideal gene
pairs when selecting adult plus any three out of five devel-
opmental stages). Each ideal cluster can often be labeled by
more than one combination of gene pairs, and we listed all
possible combinations of gene pairs that are expressed at all
six developmental stages in SI Appendix, Table. S3.

Given that there are many genes with readily split-GAL4
convertible coding intronic MiMIC or CRIMIC lines, we also
examined the number of clusters with ideal gene pairs currently
available for cost-efficient split-GAL4 conversion (Fig. 5E).
We found 47, 86, 149 out of 198 clusters that have both ideal
and non-ideal gene pairs with available coding intronic MiMIC
or CRIMIC for adult plus five, four, and three developmental
stages, respectively (Fig. 5E).

Annotation of scRNAseq clusters is challenging and there
are still 112 out of 198 clusters in the optic lobe that remain
unannotated in the optic lobe developmental atlases. To
examine the number of unannotated clusters that can be

Fig. 5. (A-C) Illustration of strategies to identify gene pairs that mark a cluster of
interest throughout development with different stringency. Dark violet boxes indicate
the stages when a gene pair is predicted to be on in the cluster of interest while light
violet boxes indicate when the gene pair is predicted to be active in other clusters. (D)
Number of clusters that are predicted to be identified with gene pairs suggested by
each strategy when all genes detected in the atlas are considered. (E) Number of
clusters that are predicted to be identified with gene pairs suggested by each strategy
when only considering genes with coding intronic MiMIC or CRIMIC lines available for
recombinase-mediated cassette exchange (3637 genes).

covered using our approach, we performed similar analyses
with the 112 unannotated clusters. We found 95.6% cluster
coverage (107/112) when using gene pairs targeting both ideal
and non-ideal clusters in adult plus three other developmental
stages (SI Appendix, Fig. S4). These results suggest that
combinations of genes can be found to generate split-GAL4
lines for most if not all the clusters in the optic lobe and more
than half of the clusters have readily convertible split-GAL4
reagents.

in vivo swapping for generating gene-specific T2A-split-GAL4

lines from the collection of coding intronic MiMIC/CRIMIC. One
of the features of gene-specific T2A-split-GAL4 lines is the
adaptability for other tissues in Drosophila as long as the
target gene is expressed in the tissue of interest. There is
a large collection of coding intronic MiMIC/CRIMIC lines
deposited in the Bloomington Drosophila Stock Center that
can be readily swapped into either GAL4DBD or AD split-
GAL4 drivers via embryo injection of an appropriate donor
DNA template (17). We adapted the in vivo swapping method
for making T2A-GAL4 lines (17) and modified it for making
T2A-split-GAL4 lines (Fig. 6A). Briefly, the T2A-split-GAL4
cassettes with reading frames 0, 1, and 2 were flanked by three
lox sequence variants where a circular donor can be excised
in the presence of Cre recombinase. By providing both Cre
recombinase and C31 integrase, the T2A-split-GAL4 cassette
with the right orientation (forward or reverse) and correct
splicing phase (phase 0, 1, or 2) can be selected by genotyping
PCR. We generated triple donor flies that carry donor cassettes
for all three splicing phases and tested the in vivo swapping
by using the bru1[MI00135] coding intronic MiMIC line (SI
Appendix, Fig. S5). bru1 is encoded in the + strand and the
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Fig. 6. (A) Schematic diagram showing T2A-split-GAL4 triple donor cassette. The
cassette is modified from T2A-GAL4 triple donor (Diao et al., 2015) by replacing T2A-
GAL4 with T2A-GAL4DBD or T2A-VP16AD. Split-GAL4 donors with three different
splicing phases (phase 0, 1, and 2) are flanked by attB sequences and lox sequences
variants. Supplement of Cre recombinase and C31 integrase will allow integration
of T2A-split-GAL4 into targeted MiMIC insertion. (B) Gene structure annotation
of bru1 (encoded in a + orientation) from JBrowse using D. melanogaster (r6.49)
reference (24). Phase 1 coding intronic MiMIC insertion (MI00135) is highlighted by
an arrowhead. (C) Summary table of in vivo swapping by triple T2A-split-GAL4 donor.
The genetic crossing scheme is shown in SI Appendix, Fig. S4.

bru1[MI00135] is in phase 1 (Fig. 6B); therefore, the successful
swap that generates bru1-split-GAL4 should have a forward
integration with phase 1 donor.

We performed GAL4DBD, and VP16 triple donor crosses
with bru1[MI00135] coding intronic MiMIC line and selected
273 and 248 y- males for GAL4DBD and VP16 lines for further
molecular mapping, respectively. We expected to have 50/50
of the forward and reverse cassette integration events when
selecting for y- (MiMIC) flies. For each orientation, there
should be one-third of the flies for each phase. We observed
38.8% (forward orientation) and 61.2% (reverse orientation)
for GAL4DBD swapping, 41.6% (forward orientation), and
58.4% (reverse orientation) for VP16 swapping (Fig. 6C). We
performed PCR genotyping for the individuals with forward
integration and identified no individuals with phase 1 for
GAL4DBD donors and 4 individuals with phase 1for VP16
donors (Fig. 6C). Although we did not obtain bru1-GAL4DBD
with the correct phase, we successfully obtained bru1-VP16
lines with the correct integration orientation and splicing
phase. While that the triple donor simplifies the crossing
scheme when performing a large-scale in vivo swapping, the
simplicity came at a cost of reducing the success split-GAL4
line to one-third. To provide a versatile platform for in vivo

swapping, we also generated single donor split-GAL4 lines
to increase the success rate of correct cassette integration to
50%. In sum, we generated both triple donors and single
donor T2A-split-GAL4 flies for in vivo swapping and provided
a proof-of-principle example with a successful swapping of
bru1-VP16. These tools will be valuable for the fly community
to generate gene-specific T2A-split-GAL4 lines at a low cost.

Discussion

Having a cell-type-specific genetic tool is often the prerequisite
for many genetic manipulations used to study development and

function of neurons. Using the Drosophila visual system as a
model for which a developmental transcriptomic atlases exists
(14, 15), we showed that scRNAseq-assisted gene-specific split-
GAL4 lines provide highly predictable and specific labeling for
most cell types of interest. As compared to the conventional
screening of enhancer-based split-GAL4, this gene-specific
split-GAL4 offers the following advantages:

1. Gene-specific split-GAL4 lines have high predictive ac-
curacy. For all 14 gene-specific split-GAL4 lines tested
in this study, we always observed that the expression
of these split-GAL4 lines was the predicted cell types.
This facilitates the annotation of unknown clusters in
scRNAseq datasets. We also took advantage of the high
prediction accuracy to select gene pairs that are also ex-
pressed throughout most, if not all, developmental stages
in the developing optic lobe. Our expression analyses
showed that these split-GAL4 drivers indeed label the
targeted cell types during development and are therefore
very useful developmental drivers. Although additional
cell types are sometimes observed. these cell types might
represent rare cell types that do not have a cluster in
our scRNAseq clustering. Alternatively, there might be a
false negative in our mixture modeling. Having additional
cell types in the split-GAL4 lines might provide genetic
access to these cell types that might be of interest.

2. The prediction of the recombination of two split-GAL4
hemi drivers is made possible since location of each gene
is known. The large collection of enhancer-based split-
GAL4 lines exists either inserted at the attP2 and/or
attP40 sites, thereby limiting the possible recombination
when both GAL4DBD and AD are inserted at the same
locations. For example, all the VT-GAL4DBD lines were
inserted at attP2 while one-third of VT-AD lines were
also inserted at attP40 (11). There are also concerns
about the potential side effects of these attP sites (25–27),
creating further complications when using these enhancer-
based split-GAL4 lines. In contrast, two gene-specific
split-GAL4 could be recombined when present on the
same chromosome and their locations could predict the
recombination frequency (e.g., TkR86C-DBD + CG14322-
VP16 for MeSps and Reck-DBD + CG14322-VP16 for
Dm11/LC12 in this study).

3. There are multiple split-GAL4 combinations that are
predicted to target the same cluster, providing indepen-
dent drivers for genetic manipulations of the same cell
type. For example, both Reck-DBD + CG14322-VP16
and CG9896-DBD + CG14322-VP16 can be used to ma-
nipulate Dm11 and LC12 neurons. The former can be
recombined on a single chromosome, providing further
flexibility for researchers to choose the desired combi-
nations of split-GAL4. We noted that coding intronic
MiMIC/CRIMIC-derived split-GAL4 create mutant al-
leles for the targeted gene. Performing experiments in
a heterozygous background should alleviate this issue
and MiMIC/CRIMIC-T2A-GAL4 lines are indeed widely
used. Nevertheless, proper controls are necessary, includ-
ing performing experiments with another combination of
split-GAL4 targeting the same cell type.

4. The gene-specific split-GAL4 lines are adaptable to other
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tissues in Drosophila. With the development of scRNAseq
technology, single-cell transcriptomes for various tissues
are accumulating rapidly and expanding the list of tissues
that are applicable to generate split-GAL4 lines for ge-
netic manipulation. Our pipeline in binarizing scRNAseq
expression matrix using mixture modeling can be readily
applied to other systems with existing scRNAseq data.
These tools would further simplify the search for desired
split-GAL4 combination.

5. Thousands of gene-specific split-GAL4 combinations can
be readily generated. There are currently available cod-
ing intronic MiMIC/CRIMIC lines corresponding to 3637
genes, and additional new CRIMIC lines are still being
generated. The gene-specific split-GAL4 lines will become
a powerful resource once all these lines are converted
to split-GAL4 lines. The triple and single donor split-
GAL4 lines generated in this study would be perfectly
suited for a large-scale in vivo swapping of these coding
intronic MiMIC/CRIMIC lines into split-GAL4 lines sim-
ply by crosses. For the genes without coding intronic
MiMIC/CRIMIC lines, the advanced CRISPR genome
editing methods can perform T2A-split-GAL4 knock into
essentially any target.

In sum, we developed an scRNAseq-guided approach for gen-
erating highly predictable cell-type-specific T2A-split-GAL4
lines that can be adaptable to any tissue in Drosophila. These
genetic reagents enable genetic access for labeling specific neu-
ronal populations in the fly throughout development and will
be a valuable resource for understanding the regulation of gene
networks that confer cellular morphology, physiology, function,
and identity.

Materials and Methods

Fly strains. Flies were reared on molasses-cornmeal-agar food
at 25°C. The fly lines used in the paper are described in
SI Appendix, Table. S1. CRISPR-mediated T2A-split-GAL4
knock-in was performed by WellGenetics Inc. (Taipei, Taiwan).
In brief, the gRNA sequences (specified in SI Appendix, Table.
S2) were cloned into U6 promoter plasmid(s). Cassette T2A-
GAL4DBD (or VP16AD)-GMR-RFP, which contains T2A,
Zip-GAL4DBD (or VP16AD), SV40 3UTR, a floxed GMR-
RFP, and two homology arms were cloned into pUC57-Kan as
donor template for repair. Targeting gRNAs and hs-Cas9 were
supplied in DNA plasmids, together with donor plasmid for
microinjection into embryos of control strain w1118. F1 flies
carrying selection marker of GMR-RFP were further validated
by genomic PCR and sequencing.

Split-GAL4 lines generated by injecting donor DNA
plasmids into F1 embryos from crosses of coding intronic
MiMIC and CRIMIC lines with C31 integrase source.
Embryo injections for transgenesis and transformant recov-
ery was completed by BestGene (Chino Hills, CA). The
split-GAL4 donor plasmids with appropriate splicing phases
were obtained from Addgene, including pBS-KS-attB2-
SA(0)-T2A-GAL4DBD-Hsp70 (Addgene #62902), pBS-KS-
attB2-SA(1)-T2A-GAL4DBD-Hsp70 (Addgene #62903),
pBS-KS-attB2-SA(2)-T2A-GAL4DBD-Hsp70 (Addgene
#62904), pBS-KS-attB2-SA(0)-T2A-VP16AD-Hsp70 (Ad-
dgene #62905), pBS-KS-attB2-SA(1)-T2A-VP16AD-Hsp70

(Addgene #62908), and pBS-KS-attB2-SA(2)-T2A-p65AD-
Hsp70 (Addgene #62915). The integration orientation of
yellow progenies from MiMIC injection and 3xP3-GFP-
progenies from CRIMIC injection were confirmed by PCR
genotyping. See also SI Appendix, Table. S2 for further
information.

Triple and single split-GAL4 donor transgenic lines. For
generating triple donor GAL4DBD plasmid pC(lox2-attB2-
SA-T2A-GAL4DBD-Hsp70)3, we synthesized SphI_T2A-
GAL4DBD_NotI, MluI-T2A-GAL4DBD_FesI, and BsiWI-
T2A-GAL4DBD_AscI by GenScript (Piscataway, USA). The
three fragments were subcloned into pC-(lox2-attB2-SA-T2A-
Gal4-Hsp70)3 (Addgene #62957) by replacing T2A-Gal4
with T2A-GAL4DBD. For generating triple donor VP16 plas-
mid pC(lox2-attB2-SA-T2A-VP16-Hsp70)3, we synthesized
SphI_T2A-VP16_NotI, MluI-T2A-VP16_FesI, and BsiWI-
T2A-VP16_AscI by GenScript (Piscataway, USA). The three
fragments were subcloned into pC-(lox2-attB2-SA-T2A-Gal4-
Hsp70)3 (Addgene #62957) by replacing T2A-Gal4 with T2A-
VP16. Both triple donor plasmids were sent for standard
P-element-mediated transformation performed by WellGenet-
ics Inc. (Taipei, Taiwan).

For single donor split-GAL4 plasmids, we synthe-
sized BamHI_T2A-GAL4DBD_BamHI and BamHI_T2A-
VP16_BamHI by GenScript (Piscataway, USA). The frag-
ments were subcloned into either pC-(loxP2-attB2-SA(0)-T2A-
Gal4-Hsp70), Addgene #62954, pC-(loxP2-attB2-SA(1)-T2A-
Gal4-Hsp70), Addgene #62955, or pC-(loxP2-attB2-SA(2)-
T2A-Gal4-Hsp70); Addgene #62956 by replacing T2A-Gal4
with T2A-GAL4DBD or T2A-VP16. The single donor plas-
mids were sent for standard P-element-mediated transforma-
tion performed by BestGene (Chino Hills, CA).

Immunohistochemistry. Flies were anesthetized on ice, and the
optic lobes were dissected in ice-cold Schneider’s Drosophila
Medium (Thermo Fisher, #21720024) for less than 30 min.
Tissues were fixed for 20 min with 4% paraformaldehyde in
1X Dulbecco’s phosphate-buffered saline (DPBS, Corning,
#21031CV) at room temperature. After three washes with 1X
PBST (DPBS with 0.3% Triton X-100), tissues were incubated
in primary antibody solutions for 2 days at 4°C. Samples were
washed with 1X PBST for at least 6 times (15 min per wash)
followed by incubating in secondary antibodies 1-2 days at
4oC. Samples were washed again with 1X PBST for at least 6
times (15 min per wash) followed by the last wash in 1X DPBS.
Both primary and secondary antibodies were prepared in 1X
PBST with 5% goat serum (Thermo Fisher, #16210064). The
antibodies used in the paper are described in SI Appendix,
Table. S1. Samples were mounted in VECTASHIELD antifade
mounting medium (Vector Laboratories, #H-1000) and stored
at 4°C. Fluorescent images were acquired using a Leica SP8
confocal microscope with 400 Hz scan speed in 1024x1024
pixel formats. Image stacks were acquired at 0.5-1 m optical
sections. Unless otherwise noted, all images were presented
as maximum projections of the z stack generated using Leica
LAS AF software.

Identification of marker gene pairs with mixture modeling-

inferred binarized expression. To identify marker gene pairs
(two genes) that are specific to a cluster, we implemented a
greedy search algorithm to minimize the number of clusters
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that express a given gene pair. Briefly, for each cluster, we
begin with a gene that (1) is expressed in the cluster of interest
(target cluster) and (2) is expressed in fewest other clusters (off-
target cluster). The same steps are repeated once only among
the clusters positive for the first gene selected to identify split-
GAL4 candidates but can potentially be extended to identify
combinations consisting of more than two genes.

To determine whether a gene is expressed in a cluster, we
assign probability of whether a gene is expressed (P (ON))
to each cluster at each stage as previously described (15, 20).
Briefly, we define (1) a baseline unimodal model that cluster
average expression of a given gene follows a Gaussian distribu-
tion and (2) an alternative bimodal model that cluster average
expression follows a mixture of two Gaussian distributions,
representing ON and OFF respectively. Parameters of the two
models were estimated, and the wellness of fit were compared
with expected log predictive density (elpd, a measure of how
well a model explains observed data) in 8-fold cross-validation
in Stan (28), a software package that implements Bayesian
probabilistic model fitting with Markov chain Monte Carlo
algorithm. Genes that fit better with the bimodal model

(∆‘elpd > 2SE’elpd
) were considered as bimodally distributed

while other genes were considered as unimodal. Probability of
whether a gene is expressed [P (ON)] in a cluster were then
estimated with the models fitted above with R 4.0.4 (29) and
mclust (30).

Gene x cluster probability matrices were generated for
datasets corresponding to each stage, and we consider a gene
with P (ON) > 0.5 as expressed. This process is equivalent
to adaptively determining gene-specific binarization thresh-
olds with Gaussian mixture models. Binary expression states
not only allow efficient greedy combination search described
above, but also enabled versatile integration across time series
via Boolean algebra. Reduced computation resource require-
ment with binary data also allowed comprehensive marker
combination search.
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Fig. S1. Characterization of selected gene-specific split-
GAL4 lines targeting different cell types/clusters. Targeted
cell types predicted by scRNAseq expression are shown
in the lower left corner for each split-GAL4 line. The ex-
pression pattern of each split-GAL4 line is shown either
with UAS-myr-GFP reporter for full expression (right) or
with UAS-MCFO lines for sparse labeling (right). (A) A
different split-GAL4 combination targeting Dm1. We also
observed Dm11 and L2 neurons in this line. (B-C) A dif-
ferent split-GAL4 combination targeting Dm11, LC12, and
MeSps neurons. Sparse labeling confirmed the presence
of all three cell types. In addition, there is one additional
unknown cell type labeled in the lobula. (D) The cell bodies
of MeTu neurons are located in the dorsal half of medulla
cortex in adult. (E) A different split-GAL4 combination
targeting LPi4-3. Anti-NCad staining (gray) is used for visu-
alizing neuropils. Images are substack projections from full
expression labeling or segmented single cells from sparse
labeling to show distinct morphological features of distinct
cell types. Scale bar: 10 µm.
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Fig. S2. Co-staining of MeSps neurons labeled by TkR86C-DBD and CG14322-VP16
with anti-Kn (Magenta). MeSps neurons expressing GFP reporter are Kn negative.
Scale bar: 10 µm

Fig. S3. The full expression pattern of Beat-IIIc-GAL4DBD + DIP-GAL4AD line is
shown with UAS-myr-GFP reporter at P15 (left) and adult (right) stages. Note that
the targeted cell type (LPi4-3) is always observed at multiple developmental stages,
although other cell types might be observed in addition to it. Anti-NCad staining (gray)
is used for visualizing neuropils. Images are substack projections from full expression
labeling to show distinct morphological features of distinct cell types. Scale bar: 10
µm.

Fig. S4. (A) Illustration of the strategy used to identify gene pairs that mark a previously
unannotated cluster of interest. Red boxes indicate the stages when a gene pair is
predicted to be on in the cluster of interest while pink boxes indicate when the gene
pair is predicted to be active in other clusters. (B) Number of previously unannotated
clusters that are predicted to be identified with gene pairs when all genes detected
in the atlas are considered (left) or when only genes with coding intronic MiMIC or
CRIMIC lines available are considered (right).
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Fig. S5. in vivo genetic crossing scheme for swapping T2A-split GAL4 in coding intronic MiMIC lines. Flies with hs-Cre, vas-C31, split-GAL4 donor and targeting MiMIC cross
should be incubated at 29°C to induce the expression of Cre recombination.
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