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The split-Gal4 system allows for intersectional genetic labeling of highly specific
cell types and tissues in Drosophila. However, the existing split-Gal4 system, unlike
the standard Gal4 system, cannot be repressed by Gal80, and therefore cannot be
controlled temporally. This lack of temporal control precludes split-Gal4 experiments
in which a genetic manipulation must be restricted to specific timepoints. Here,
we describe a split-Gal4 system based on a self-excising split-intein, which drives
transgene expression as strongly as the current split-Gal4 system and Gal4 reagents, yet
which is repressible by Gal80. We demonstrate the potent inducibility of “split-intein
Gal4” in vivo using both fluorescent reporters and via reversible tumor induction in the
gut. Further, we show that our split-intein Gal4 can be extended to the drug-inducible
GeneSwitch system, providing an independent method for intersectional labeling
with inducible control. We also show that the split-intein Gal4 system can be used
to generate highly cell type-specific genetic drivers based on in silico predictions
generated by single-cell RNAseq (scRNAseq) datasets, and we describe an algorithm
(“Two Against Background” or TAB) to predict cluster-specific gene pairs across
multiple tissue-specific scCRNA datasets. We provide a plasmid toolkit to efficiently
create split-intein Gal4 drivers based on either CRISPR knock-ins to target genes
or using enhancer fragments. Altogether, the split-intein Gal4 system allows for the
creation of highly specific intersectional genetic drivers that are inducible/repressible.

Drosophila | split-Gal4 | intersectional genetics | single-cell transcriptomics

The ability to restrict transgene expression to specific, genetically defined cell types using
binary expression systems such as Gal4/UAS, LexA/LexAOP, and QF/QUAS has pro-
foundly transformed Drosophila research (1-3). In particular, the Gal4 system has been
deployed extraordinarily effectively, with thousands of Gal4 drivers available in Drosophila
resource centers. However, the lack of tissue- and cell-type specificity of many Gal4 drivers
remains a drawback. This is especially true for certain areas of research. For example,
studies of interorgan communication in which a Gal4-driven manipulation is performed
in one tissue and the effects are measured in a distant tissue must take special care to avoid
the confounding effects of Gal4 expression outside of the intended tissue (4). Similarly,
many neurobiological studies require Gal4 expression to be limited to one, or very few,
transcriptionally defined neuron, which is not generally possible using standard Gal4
drivers, even when driven by 2 to 3 kb genomic enhancer fragments (5-7).

The split-Gal4 system was developed to overcome the issue of limited cell-type speci-
ficity, by restricting transgene expression to those cells that coexpress two independent
enhancers, a strategy termed “intersectional genetic labeling” (8, 9). In split-Gal4, the
N-terminal 147 amino acids of Gal4, which includes its DNA-binding domain (Gal4DBD)
(10) and its dimerization domain (11), is expressed under the control of one enhancer,
while a potent transcriptional activator domain (AD) from either VP16 or p65 is expressed
under the control of a second enhancer (Fig. 1) (8, 12). The Gal4DBD and the VP16/p65
activation domains are each flanked by a leucine zipper domain, which heterodimerize in
any cell expressing both components, and reconstitute a functional Gal4-like transcription
factor (8, 9). The split-Gal4 system has been successfully used to build thousands of
exquisitely specific genetic drivers, especially in the Drosophila nervous system where
split-Gal4 lines are now routinely utilized to drive expression in a single pair of neurons
(6, 7), and in the adult gut, where thousands of split-Gal4 lines have been characterized
(13, 14). The ability to create split-Gal4 lines that are specifically expressed in the same
patterns as genes of interest using “trojan exons” or other knock-in strategies has further
augmented the power of the split-Gal4 method (15). This capability has particular promise
in permitting the construction of genetic driver lines that target transcriptionally distinct
clusters identified via scRNAseq studies (16). For such clusters, the intersection of at least
two genetic markers is typically necessary to uniquely identify specific clusters.
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Significance

The split-Gal4 system allows
Drosophila researchers to drive
transgene expression with
extraordinary cell type specificity.
However, the existing split-Gal4
system cannot be controlled
temporally, and therefore cannot
be applied to many important
areas of research. Here, we
present a split-Gal4 system
based on a self-excising split-
intein, which is controllable by
Gal80, as well as a related
drug-inducible split GeneSwitch
system. This approach can both
leverage and inform single-cell
RNAseq datasets, and we
introduce an algorithm to identify
pairs of genes that precisely and
narrowly mark a desired cell
cluster. Our split-intein Gal4
system will be of value to the
Drosophila research community,
and allow for the creation of
highly specific genetic drivers
that are also inducible/
repressible.
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Fig. 1. Schematic comparison of Gal4, split-Gal4, and split-intein Gal4. (A) The Gal4 transcription factor binds to UAS sequences to drive transcription and can
be repressed by the binding of Gal80. Gal4 is drawn here as a monomer, but functions as a dimer in vivo. (B) In the original split-Gal4 system, the Gal4DBD and
a strong transcriptional activator (VP16 or p65) are each driven by separate enhancers and reconstituted in cells by leucine zipper domains. Gal80 cannot bind
or repress the split-Gal4 complex. (C) In the split-intein Gal4 system, two fragments of the Gal4 protein, each flanked by a split-intein, are independently driven
by separate enhancers and seamlessly transspliced to reconstitute a functional, wild-type Gal4 protein, which can be repressed by Gal80.

But while the split-Gal4 system has effectively solved the prob-
lem of restricting expression in anatomical space, the existing
split-Gal4 system cannot be controlled in time. This is in contrast
to standard Gal4 drivers, which can be temporally controlled using
a temperature-sensitive variant of the Gal80 repressor (Gal80")
(17). By shifting between a permissive temperature (18 °C), where
Gal80" represses Gal4 expression, and a restrictive temperature
(29 °C), where Gal80® is inactivated and Gal4 becomes active,
researchers can restrict genetic manipulations to specific time peri-
ods or developmental stages. By contrast to the standard Gal4
system, the splic-Gal4 system is completely insensitive to the
Gal80 repressor (9). This is because the region of Gal4 that is
bound by Gal80, the C-terminal 30 amino acids (18), falls
squarely within the Gal4 AD domain, which is replaced in existing
split-Gal4 implementations with either VP16 or p65 in order to
drive sufficiently high levels of expression (Figs. 1 and 2A). Thus,
the Gal4DBD-VP16 or Gal4DBD-p65 protein complexes do not
contain any binding site for Gal80 and therefore cannot be
repressed (Fig. 1).

There is thus a clear need for an intersectional labeling system
that is repressible by Gal80" or otherwise inducible. Here, we
describe two such systems. The first we term “split-intein Gal4.”
This system combines the enhanced spatial control offered by
split-Gal4 with the ability to strictly limit genetic manipulations
to specific periods of time using existing Gal80® reagents. We
demonstrate that split-intein Gal4 drives UAS transgenes at
expression levels that are indistinguishable from existing split-Gal4
and Gal4 reagents and that it can be repressed by standard Gal80
reagents. The second system is a closely related drug-inducible
GeneSwitch technique (“split-intein GeneSwitch”), which pro-
vides an alternative means to induce intersectional genetic labeling
using a drug rather than a temperature shift. Finally, we demon-
strate that the split-intein Gal4 system can be effectively used with
scRNAseq datasets to generate split-intein Gal4 driver lines. To
facilitate production of such lines, we present an algorithm to
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select gene pairs with low levels of predicted coexpression outside
the cluster of interest. Finally, we provide a simple cloning and
transgenesis workflow that can be used to generate large numbers
of split-intein-Gal4 lines, either via CRISPR-based knock-in or
using enhancer fragments.

Results

Designing a Split-Gal4 Technique That Can Be Repressed by Gal80.
We wished to create an inducible/repressible intersectional labeling
technique that can be controlled temporally. We focused our efforts
on modifying the highly effective split-Gal4 concept, to make a
split system that did not rely on leucine zipper heterodimerization
and that incorporated the native Gal4 activation domain, thus
rendering it sensitive to the Gal80" repressor. We devised two
independent strategies, which we refer to as “split-intein Gal4”
and “NanoTag split-Gal4.”
Split-intein Gal4. Native split-inteins consist of N- and C-terminal
peptides that are fused to proteins encoded at separate genomic
loci. Upon translation, these peptides associate with one
another, self-excise, and seamlessly trans-splice the two adjacent
polypeptide chains to which they are fused (19). Split-inteins have
been successfully exploited to generate split proteins used in other
expression systems (20, 21), and we sought to use them here to
reconstitute wild-type Gal4 from two functionally inert fragments.
In a series of pilot experiments in S2 cells, we tested three dif-
ferent cysteine residues to split Gal4 into two nonfunctional
fragments and four different split-intein systems (see Materials
and Methods for full description) and ultimately identified the
most potent system, which we refer to as “split-intein Gal4.” In
this system, the Gal4 protein is split into two fragments: an
N-terminal 20 amino acid portion (Gal4N"m) and the remaining
C-terminal 861 amino acids (Gal4“™), each flanked by compo-
nents of the highly active gp41-1 split-intein sequence (19) (Figs. 1
and 24). When these two fragments are coexpressed in a cell, the
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Fig. 2. Split-intein Gal4 system drives intersectional expression at levels indistinguishable from split-Gal4. (A) Schematic diagram of the split-intein Gal4 system.
Gal4 and gp-41 are drawn to scale, illustrating the N-terminal DNA-binding domain (DBD) and dimerization domain, and the overlap of the second activation
domain (AD-2) with the Gal80-binding site. (B) Components for original split-Gal4 (Left) or split-intein Gal4 (Right) were knocked into two gut cell-type markers:
MyoT1A, which labels enterocytes (ECs), and esg, which labels intestinal stem cells (ISCs). These knock-in lines were crossed to ubiquitously expressed tester lines
to visualize their full expression pattern. (C) Intersectional labeling of midgut intestinal stem cells using esg n DI split-intein Gal4 knock-in lines. Brackets indicate
expression in the anterior hindgut which is driven by D/ but not esg, which is absent in their intersection. Anterior is to the left. (Scale bars, 50 pm.)

split-intein activity is predicted to reconstitute the full wild-type
Gal4 protein, which should be repressible by Gal80 (Figs. 1 and
2A). Previous studies in Caenorhabditis elegans have demonstrated
a related approach, in which a DNA-binding domain and an AD
are transspliced via gp41-1 split-intein (20). However, in that
approach, a VP64 AD is used instead of the native Gal4 domains,
and thus this system is not repressible by Gal80.

NanoTag split-Gal4. “NanoTags” are short epitope tags (<25 amino
acids) that are recognized with very high affinity by single-domain
nanobodies. Recently, two high-affinity NanoTags, 127D01 and
VHHO5, have been adapted for a variety of applications in vivo
in Drosophila (22). We designed a split-Gal4 system based on the
affinity of the 127DO01 tag and its genetically encoded nanobody,
Nb127DO01. In a series of pilot experiments in S2R+ cells, we

PNAS 2023 Vol.120 No.24 e2304730120

observed that Gal4DBD-Nb127D01 combined with Gal4AD-
1x127D01 drove only very weak expression. However, when
we fused three Nb12701 nanobodies in tandem to a Gal4DBD
domain (Gal4DBD-3xNb127D01), making it capable of rec-
ruiting three Gal4-AD molecules to each Gal4DBD domain, we
observed robust transgene expression. We refer to this combination

as NanoTag split-Gal4.

Both Split-Intein Gal4 and NanoTag Split-Gal4 Function in
Drosophila Cell Culture. To test the transcriptional activation
strength of each system in cell culture, we transiently transfected
either split-intein components (Gal4™™ and Gal4“™) or NanoTag
Split-Gal4 components (Gal4DBD-3xNb12701 and Gal4AD-
1x127D01), all driven by a constitutive Aczin5c promoter, into
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S2R+ cells, along with a green fluorescent protein reporter
(UAS:GEFP). As positive controls, we transfected full-length Gal4
and standard split-Gal4 components, Zip-Gal4DBD and p65-Zip.
Two days after transient transfection, we observed strong GFP
expression for both split-intein Gal4 and NanoTag split-Gal4, at
similar levels to Gal4 itself or to the existing split-Gal4 system
(81 Appendix, Fig. S1).

We tested whether split-intein Gal4 and NanoTag Gal4 were
repressible by Gal80 in S2R+ cells by cotransfecting these com-
ponents with pTub:Gal80. As expected, wild-type Gal4, but not
the existing split-Gal4 system (Gal4DBD-p65), was strongly
repressed by Gal80 (SIAppendix, Fig. S1). Strikingly, both
split-intein Gal4 and NanoTag split-Gal4 exhibited strong repres-
sion by Gal80, albeit slightly weaker than that observed for
wild-type Gal4 (SI Appendix, Fig. S1). We conclude that both
approaches offer robust transcriptional activation at levels similar
to the existing split-Gal4 system, but have the critical advantage
that they are also sensitive to the Gal80 repressor.

While both approaches showed promise in S2R+ cells, the 3:1
stoichiometry of Gal4AD:Gal4DBD in the NanoTag system sug-
gested that this approach might require higher levels of Gal80
than the split-intein Gal4 approach to achieve the same level of
repression. Since Gal80 expression levels in vivo will generally vary
from cell type to cell type for any given Gal80 line and high sen-
sitivity is therefore desirable, we chose to focus on the split-intein
Gal4 system for additional in vivo testing.

The Split-Intein Gal4 System Activates High Levels of
Intersectional UAS-Driven Expression In Vivo. In order to be a
broadly useful tool in vivo, split-intein Gal4 must meet three
criteria. It must: 1) drive robust expression in vivo, at levels similar
to existing split-Gal4 or Gal4 lines; 2) drive clean intersectional
labeling that is not “leaky,” and includes only those cells expressing
both Gal4™"™™ and Gal4“™ components; 3) be repressible using
existing Gal80" lines.

To characterize split-intein  Gal4 invivo, we used
CRISPR-mediated knock-in transgenesis to insert split-intein
components into various genes with well-characterized expression
patterns. We first selected two genes expressed in specific cell types
of the midgut: Myo1A4 (aka Myo31DF) which is expressed in entero-
cytes (ECs) (23), and esg, which is expressed in intestinal stem cells
(ISCs) (24). To permit direct comparison with the current split-Gal4
system, we also generated knock-ins of ZipGal4DBD into the same
positions within esg and MyolA. To create these knock-ins, we
adapted the “drop-in” cloning method (25) to generate
homology-driven repair (HDR) donor plasmids that would insert
an in-frame T2A sequence, followed by the split-intein Gal4 or
split-Gal4 component, into an early exon of the target gene. We
also generated ubiquitously expressed split-intein Gal4 compo-
nents, driven by the alpha Tubulin48B promoter, to use as “tester”
lines to visualize the complete expression pattern of each knock-in.

We crossed Myo1A-T24-Gald" ™" to the tub-Gald™; UAS:2xEGFP
(enhanced green fluorescent protein) tester line and observed cell
type—specific expression in larval ECs, at levels statistically indistin-
guishable from the original split-Gal4 system (mean pixel intensity
measured in 7 = 4 larval guts; t(6) = 0.9325, P = 0.3871) (Fig. 2B).
Similarly, esg—TZA-GaMNM[ N tub-Gald<™ (hereafter we follow the
convention of using the N symbol to indicate intersectional labeling)
drove specific expression in ISCs at similar levels to the standard
split-Gal4 system (7 = 3 larval guts; t(4) = 2.22; P=0.091) (Fig. 2B).
These results indicate that the split-intein Gal4 system functions
robustly in vivo. Expression in the midgut was specific for the two
targeted cell types, indicating that the Gal4“™ fragment did not sup-
port leaky expression.
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We then tested whether the split-intein Gal4 approach would
successfully drive intersectional expression using two cell type—
specific knock-in lines. As esg and MyolA are not coexpressed in
the gut, we knocked Ga/4“™ into the Delta (DI) gene, which is
also expressed in ISCs (26). As expected, esg N D/ expression was
observed in adult ISCs (Fig. 2C). Importantly, the expression of
Dl in the anterior hindgut was not observed in the esg N D/ inter-
section, providing additional evidence that the split-intein system
is not leaky (Fig. 20).

Thus, the split-intein Gal4 system satisfies the first two criteria
identified above: it drives expression at similar levels to the existing
split-Gal4 system, and expression can only be detected in cells
coexpressing both components.

Split-Intein Gal4 Is Repressible by Gal80*. The split-intein Gal4
system should seamlessly reconstitute wild-type Gal4, which,
unlike the original split-Gal4 system, is repressible by Gal80
(Fig. 34). To confirm this is the case, we generated larvae expressing
both rub-Gald™™ and rub-Gald“™ as well as rub-Gal80" and a
UAS:2x-EGFP reporter.

When tub-Gald"™ \ tub-Gald“™, tub-Gal80ts > UAS:2xEGFP
larva were grown at 18 °C, no EGFP could be detected, similar
to standard tub-Gal4, tub-Gal80" > UAS:2xEGFP larvae (Fig. 3 B,
Left). However, when grown at 29 °C, strong EGFP expression
was observed (Fig. 2 B, Right). We also confirmed that, in the
absence of Gal80", the split-intein Gal4 system does indeed drive
EGFP expression at 18 °C (SI Appendix, Fig. S2), indicating that
the lack of EGFP expression at 18 °C is not the result of compro-
mised split-intein trans-splicing, and is indeed due to Gal80
repression. These results also demonstrated that, like wild-type
Gal4, split-intein Gal4 activity increases with temperature (27)
(SI Appendix, Fig. S2). These results show that split-intein Gal4
is repressible by Gal80.

To confirm that the Gal80 repression of split-intein Gal4 is
sufficiently potent to fully repress strong, dominant phenotypes
at 18°C, we turned to a widely used tumor model in the adult
gut. When activated yki is expressed in ISCs using esg-Gal4, it
generates severe tumor phenotypes in the adult gut (28-30). We
used the split-intein Gal4 system to drive activated yk: (UAS:yki*)
in adult ISCs (esg-Gald"™ N tub-Gald“™), in the presence of
tub-Gal80". Grown at 18 °C, these flies developed and eclosed
normally, and displayed no EGFP expression or tumor growth in
the ISCs, similar to the corresponding Gal4 system (Fig. 3 C, Lef).
However, after a 3-d temperature shift, we observed a dramatic
tumor phenotype indistinguishable from those produced by
esg-Gal4 (Fig. 3 C, Middle). Further, we could re-repress this phe-
notype and the associated EGFP expression by shifting these flies
back to 18 °C for 10 d (Fig. 3 C, Righz). Altogether, these exper-
iments confirm that split-intein Gal4 drives high levels of expres-
sion, is not leaky, and is repressible by existing Gal80" reagents.

The gene-specific split-intein Gal4 drivers described above were
generated using CRISPR-based knock-ins, in order to fully reca-
pitulate the endogenous expression pattern of the target gene.
However, many researchers may wish to create Gal80-sensitive
split-intein Gal4 drivers using specific enhancer fragments, as has
been done successfully for thousands of split-Gal4 lines that have
been generated for the VT split-Gal4 collection (6, 7). To facilitate
this approach, we modified the pBPZpGAL4DBD and pBP-
p65ADZp destination vectors (12) to encode split-intein Gal4
components. These vectors are compatible with the well-established
Gateway LR-based cloning workflow for generating enhancer
fragment—driven split-Gal4 vectors (12, 31). To demonstrate the
effectiveness of this approach, we selected a genomic fragment

known to drive expression in the adult gut ISCs, VT 024642 (13),

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2304730120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2304730120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2304730120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2304730120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2304730120#supplementary-materials

Downloaded from https://www.pnas.org by 134.174.140.250 on June 12, 2023 from |P address 134.174.140.250.

A 18°C B

Gal80'

“eo

Gal4
esg-Gal4

split-intein Gal4
esg-T2A-Gal4"" N
tub-Gal4cit

GFP GFP DAPI

tubGal80*, UAS:2x-EGFP

18°C 29°C

Gal4
no expression tub-Gal4
UAS
Enhanced contrast
29°C

heat- split-intein Gal4
inactivated tub-Gal4N-nt N
tub-Gal4<nt

UAS _ Enhanced contrast

C UAS:yki*$4, tubGal80', UAS:GFP
18°C
GFP GFP DAPI

29°C (3 days) Return to 18°C (10 days)

GFP GFP DAPI

Fig.3. Split-intein Gal4 is repressible by Gal80. (4) Cartoon diagram of temperature-inducible expression using Gal80®. (B) tub-Gal4""™ n tub-Gal4“™ tub-Gal80" >
UAS:2xEGFP expression is repressed at 18 °C and highly active at 29 °C, as is tub-Gal4, tub-Gal80" > UAS:2xEGFP. Note that the 18 °C images are shown with
increased gain relative to the 29 °C images in order to visualize the presence of larva. (C) Recapitulation of a well-characterized adult stem cell tumor system
using split-intein Gal4. esg-Gal4""™ n tub-Gal4“™, tub-Gal80" > UAS:yki*** in adult ISCs can be repressed throughout development and adult stages by tubGal80
and reversibly activated using temperature shift to 29 °C. Anterior is up, scale bar in (C) is 50 pm.

and cloned this fragment into our pBP—_Gall4N‘im destination vec-
tor. As predicted, VT024642-Gald"™ O tub-Gald“™ drove
strong, specific expression in adult ISCs (87 Appendix, Fig. S3.)

Split-Intein Gal4 Components Can Be Adapted to GeneSwitch for
Drug-Inducible Intersectional Labeling. Having established that
split-intein Gal4 is highly effective, we reasoned that this system
should also be adaptable to the drug-inducible GeneSwitch system
(32). In GeneSwitch, the Gal4DBD (the first 93 amino acids of
the Gal4 protein) is fused to an RU486-sensitive ligand-binding
domain (PR-LBD) and a p65 transcriptional AD. In the absence
of RU486 (RU), the GeneSwitch complex is inactive, whereas
in the presence of RU, the complex undergoes a conformational
change that allows for the transcriptional activation of UAS-driven
transgenes. '

We noted that the Gal4™™™ fragment, compromising the first
20 amino acids of Gal4, could be compatible with the correspond-
ing C-terminal region of GeneSwitch (Galg* ™ -PR-LBD-p65 aka
GeneSwitch®™) flanked by a split-intein (Fig. 44). In other
words, the same Gal4~"™ lines could be crossed to either a Gal4“™
for split-intein Gal4 expression, or to a GeneSwitch“™ line for

PNAS 2023 Vol.120 No.24 e2304730120

split-intein GeneSwitch expression. To test this, we generated
a transgenic line expressing  split-intein-GeneSwitch”™ under
the control of the zub promoter. We crossed fub-split-intein-
GeneSwitch®™; UAS:2xEGFP to esg—TZA-GzzMN_'m and split the
F1 adult flies into RU- and RU+ minus treatments for 6 d. In the
absence of RU, we observed no GFP expression in the adult gut,
whereas flies fed RU-containing food displayed strong and specific
GFP in adult ISCs (Fig. 4 B, Top). In parallel, we crossed
tub—splz't—i(ztein-GmeSwz'tc/JC’ml; UAS:2xEGFPto esg- T2A4-Gald" ™
UAS:yki™** to test whether we could successfully regulate tumor
growth via RU feeding. While RU- flies displayed no EGFP
expression and wild-type gut morphology, RU+ flies displayed
strong ISC tumor phenotypes resembling those observed using
cither Gal4 or split-intein Gal4 (Fig. 4 B, Bottom). Thus, the
split-intein GeneSwitch system successfully combines intersec-
tional genetic labeling with the RU- inducibility of GeneSwitch.

Importantly, the GeneSwitch system has been shown to be leaky
in some tissues, with detectable expression in the absence of RU
(32-34). Given that split-intein GeneSwitch simply reconstitutes
the existing GeneSwitch protein, we predicted this leaky expres-
sion would also be the case with split-intein GeneSwitch. We tested

https://doi.org/10.1073/pnas.2304730120
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this by crossing the ubiquitously expressed tub-split-intein-
GeneSwitch” ™tester line to three additional Gal4™™ lines:
MyolA-T2A-Gal4"™, DI-T2A-Gald"™, and tub-Gal4"™". While
we observed clean RU-dependent expression in adult ISCs with both
esgand DI (8] Appendix, Fig. S4 A and B), we observed leaky expres-
sion in a portion of the adult gut using MyolA (SI Appendix,
Fig. S4C), as well in the larval gut when using the 76 promoter
(SI Appendix, Fig. S4D). Thus, as with existing GeneSwitch reagents,
it will be important for researchers to carefully characterize the RU-
and RU+ expression patterns for split-intein GeneSwitch lines.

Mapping scRNA Clusters to Anatomy Using Split-Intein Gal4
Drivers. One particularly promising use of intersectional labeling
techniques such as split-intein Gal4 is to characterize the many
transcriptionally defined “clusters” of cells that are identified
using scRNAseq. Single-cell and single-nuclei transcriptomic
atlases are now available for many individual Drosophila tissues,
as well as for the entire adult body (35). These atlases identify
many different distinct cell types within a given tissue based on
transcriptional similarity, many of which remain uncharacterized
either anatomically or functionally. In most cases, a single genetic
marker is insufficiently specific to label a cluster, and a minimum
of two coexpressed genes are generally required to demarcate a
cluster (36). Thus, intersectional genetic labeling approaches are a
promising tool to interrogate hypotheses generated via scRNAseq.

https://doi.org/10.1073/pnas.2304730120

4N-int n

The promise of this approach has recently been piloted in the
Drosophila optic lobe (16).

To explore how the split-intein Gal4 system can leverage and
inform scRNAseq datasets, we began with a recent atlas of the
adult midgut, which identified 22 transcriptionally distinct cell
types (37). To pick pairs of genes that uniquely mark scRNA
clusters, we implemented a recently described gene selection algo-
rithm, NS-Forest version 2.0 (36). NS-Forest v2 is a machine
learning algorithm that estimates the minimum number of marker
genes that can be used to uniquely define scRNAseq clusters.
Using NS-Forest v2 to guide gene pair selection, we generated
transgenic split-intein Gal4 lines to mark three of these clusters
in vivo: 1) aEC-3, predicted to be a subset of anterior ECs, marked
by Peritrophin-15a N CG4830; 2) iron and copper cells, a func-
tional analog of the human stomach located midway between the
anterior and posterior of the midgut, marked by CG43774 n
thetaTry; and 3) pEC-1, predicted to be a subset of posterior ECs,
marked by LManV N ninaD (Fig. 5).

We generated split-intein Gal4 lines for each of these three pairs
and examined their expression using UAS:2xEGFP. In each case,
the expression pattern conformed well with the predicted location
of the cell cluster. Our aEC3 split-intein Gal4 line Peritrophin-15a
N CG4830 drove expression in a band of ECs anterior to the
copper cells, corresponding to the “A3” region identified by (38)
(Fig. 5A). This band of expression had a sharp posterior border,
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Fig. 5. Mapping scRNA clusters to anatomy using split-intein Gal4 lines based on NS-Forest v2 predictions. Based on a gut-specific SCRNA dataset from Hung
et al. (37), the NS-Forest v2 algorithm identified pairs of genes to mark specific clusters in the adult gut. Left: Summed expression in each of the 22 clusters is
shown on the Left. Right: In vivo expression of split-intein Gal4 lines in adult guts. Brackets indicate the approximate position of the copper and iron cell (Cu-Fe)
region. (A) Peritrophin-15a n CG4830 drives expression in a band of enterocytes anterior to the copper cells. (B) CG43774 n thetaTry drives expression in the copper
and iron cells. (C) LManV n ninaD drives expression in a posterior band of enterocytes. Anterior is to the left.

but we also observed patchy expression extending anteriorly from
the aEC3 cluster (Fig. 5A4). This may reflect the in silico prediction
of lower levels of coexpression in the aEC2 cluster, which is tran-
scriptionally very similar to aEC3 (38) (Fig. 5A4). The split-intein
Gal4 line CG43774 N thetaTry, predicted to express in iron and
copper cells, drove expression in precisely this region (Fig. 5B),
and the pEC-1 line LManV N ninaD drove expression in a band
of ECs posterior to the copper cells (Fig. 5C). Thus, using in silico
predictions to guide gene selection, we were able to successfully
use split-intein Gal4 to label anatomically distinct populations of
cells along the anterior—posterior axis of the adult midgut, demon-
strating the potential power to identify and functionally charac-
terize cell types identified via scRNAseq studies.

Developing an Algorithm to Pick Cluster-Specific Gene Pairs
with Minimal Coexpression across the “Whole-Body” scRNA
Dataset. Subsequent to the publication of the midgut-specific
scRNAseq dataset described by (37) and utilized above, the Fly
Cell Adas Consortium published scRNAseq datasets covering
many additional adult Drosophila tissues, as well as a whole-body
dataset (35). As the set of potential off-target clusters now spans
the whole body, it becomes more difficult to obtain gene pairs
that mark a specific cluster. In particular, for each of the midgut-
relevant gene pairs predicted by NS-Forest v2, we examined
the in silico coexpression of these gene pairs across the entire
body of Fly Cell Atlas dataset. For the large majority of gene
pairs, we observed that the NS-Forest v2 gene pairs had a high
degree of coexpression in multiple other tissues. This has practical

PNAS 2023 Vol.120 No.24 e2304730120

implications: it is crucial to identify intersectional genetic drivers
that are exclusively expressed in specific tissues, with no additional
expression anywhere else in the body.

We therefore sought to develop an algorithm that would spe-
cifically identify cluster-specific gene pairs that maximize coex-
pression in the cluster of interest, while minimizing additional
coexpression in both the tissue of interest, as well as across other
scRNAseq datasets from the same organism. To do so, we devel-
oped a gene-selection algorithm that we call “Two Against
Background” or TAB.

The TAB algorithm is schematized in Fig. 64. Briefly, TAB
incorporates three features to guide gene pair selection: First, it incor-
porates bulk RNAseq data, when available, to supplement scRNAseq
expression estimates. Second, it emphasizes selecting genes with
robust within-cluster expression profiles that are stable and not
highly variable. Third, to calibrate the importance of cluster speci-
ficity relative to these robustness considerations, it employs a hyper-
parameter optimization approach by incorporating rankings by a
researcher who is blinded to the parameters.

As input, TAB requires both the cell cluster (e.g., “escort cells”)
and the containing tissue (e.g., “ovary”). To ensure that the genes
being selected are well expressed in the tissue, we crossreference
the gene’s bulk scRNAseq expression levels in the corresponding
organ. While the organ-level resolution is coarser than scRNAseq
cell clusters, the higher quality of bulk expression data is a valuable
corrective for noisy scRNAseq expression estimates. To quantify
the specificity of any gene to the organ of interest, we use the Tau
statistic. In addition, we require that the gene’s within-cluster

https://doi.org/10.1073/pnas.2304730120 7 of 12



Downloaded from https://www.pnas.org by 134.174.140.250 on June 12, 2023 from |P address 134.174.140.250.

A Two Against Background (TAB) B
Input

- FCA cell cluster (“escort cells”)
- Fly Organ (“ovary”)

V—I—V

Fly Cell Bulk fly
Atlas RNA-seq
¥ Per-gene Vstatistical tests ¥
differential expression .
expression dispersion T-sonregciaf?cit
vs. rest in cluster P y
Gene-pair 2
statistical tests 0, s,
%%
K> /77"@
%, ©
&

- Wilcoxon test (avg. of both genes)
- Co-presence in other FCA clusters

\
Ranked set of
gene pairs
Cluster ID Fly Cell Atlas - Ovary
C “choriogenic main body
follicle cell St. 14"
Stage 14 (¢
follicle cells
D “choriogenic main body
follicle cell and
L. corpus luteum”
Corpus
luteum
Escort
cells

“escort’cell”

A}

In silico co-expression

CG31928 + Pez

Hemocytes
Fly Cell Atlas - Body

’\ hemocytes’

GFR -
Hemese

98.8% overlap
(n = 1076 cells)

GFP
Hemese

In vivo expression

CG31928-Gald"'" N Pez-Gal4c

hdc + Nox

corpus
luteum

SKIP-Gal4N" N CG42566-Gal4c

escort cells

additional expression
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expression be stable and not highly variable, i.c., the dispersion

(variance/mean) of the gene expression in the cluster is limited.
In the TAB algorithm, a candidate set of gene pairs is created

for each cluster of interest using the intersection of three metrics:
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the Tau statistic, dispersion metrics, and 7 test of differentiation
against all other clusters (Fig. 64). From this candidate set, we
evaluate all pairwise combinations of genes and select pairs that
are effective at distinguishing the cluster of interest from others.
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One of the metrics we consider is the number of other clusters
where both the candidate genes are potential markers. We also
introduce an additional metric: we construct a metagene as the
average of the two genes and perform the Wilcoxon rank-sum test
to assess differential expression of the metagene in this cluster
against other clusters. To optimize hyperparameters, a subset of
gene pair predictions was analyzed by a researcher who was blinded
to the parameters and who used the FCA data visualizer to rank
the specificity of each gene pair in the cluster of interest, and across
multiple FCA datasets. The final score for the candidate gene pair
is a weighted combination of these metrics, and we output a
ranked list of choices from which we select final gene pairs. Our
implementation of the TAB algorithm is publicly available at
hteps://github.com/rs239/tab_gene_markers.

To test the efficacy of the TAB algorithm, we used it to identify
a “hemocyte” cluster from the FCA 10X “Body” dataset that
uniquely coexpressed the genes Ppn and kuz (Fig. 6B). We then
generated a pair of split-intein Gal4 lines designed to target the
intersection of Ppn and kuz (Fig. 6B.) We observed specific expres-
sion of Ppn N kuzin larval and adult hemocytes, verified by stain-
ing with the pan-hemocyte H2 antibody, which recognizes
Hemese (Fig. 6B) (39). In larvae, 98.8% of Hemese+ cells were
also GFP+ (# = 1,076 cells from two larvae), and we did not
observe GFP+ cells that were Hemese negative. In adults, the H2
antibody did not appear to stain all of the morphologically iden-
tifiable hemocytes in the adult, consistent with previous observa-
tions (39). To test whether Ppn N kuz drives expression in
additional cell types, we examined expression in sagittally sec-
tioned, decapitated adult flies, as well as in adult brains. In addi-
tion to specific expression in circulating hemocytes, we observed
strong expression in a band of epithelial cells within the cardia,
also known as the proventriculus, a structure at the foregut—mid-
gut juncture (SI Appendix, Fig. S5B) (40). Interestingly, several
previous studies have identified hemocyte-like cells at this location
in the larva, which express independent hemocyte markers and
may play an immune function (41, 42). We confirmed that the
pan-hemocyte marker hml-Gal4 is expressed in a subset of the
cells at this anatomical position (87 Appendix, Fig. S5B). Thus,
our split-intein Gal4 Ppn N kuz line appears to be concordant
with other hemocyte-specific markers and was not detected in
other tissues.

We next generated a series of split-intein Gal4 lines to mark
specific clusters based on the tissue-specific FCA “Ovary” atlas
while minimizing expression in any other cluster at the level of
the whole body. We selected three clusters from the FCA ovary
dataset (Fig. 6 C~E) and examined the expression of the resulting
split-intein Gal4 lines in vivo. In all the three cases, we observed
the predicted expression. CG31928 N Pez predicted to express in
follicle cells of stage 14 oocytes and drove GFP expression specif-
ically in these cells (Fig. 6C). hde N Nox drove expression in the
corpus luteum, a tissue composed of the follicle cells left behind
after an egg is laid (43) (Fig. 6D). SKIP N CG42566 drove the
predicted expression in escort cells at the anterior tip of each
ovariole, although we also observed expression in stalk cells
between each germline cyst (Fig. 6E).

To test whether these split-intein Gal4 lines drive expression in
additional, nontargeted tissues, we examined expression in adult
flies that had been sagitally sectioned, as well as in adult brains.
Neither CG31928 N Pez nor hde N Nox drove detectable EGFP
expression in any other adult tissue outside the desired cell type
(SI Appendix, Fig. S5 Cand D). SKIP N CG42566 drove expres-
sion in a small number of neurons in the brain (S/ Appendix,
Fig. S5E), but was otherwise undetectable outside of the germaria,
in which escort cells reside. Thus, these lines were highly specific
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to the targeted cell type. These pilot experiments demonstrate that
the TAB algorithm will be a useful tool to generate highly specific
genetic tools for clusters identified by scRNAseq datasets, whether
at the level of individual scRNAseq datasets, or across multiple
datasets or the whole organism.

In addition to the NS-Forest v2 gene selection algorithm, a recent
manuscript has presented an alternative gene selection algorithm
for creating cell type—specific split-Gal4 lines in Drosophila based
on scRNAseq datasets (16). Our TAB algorithm differs in several
ways from the one described by Chen et al. TAB considers bulk
tissue RNAseq datasets to enhance confidence in tissue-specific
expression, and it also considers each member of the gene pair as
equally important rather than implementing a greedy search based
on a prespecified first gene. In addition, TAB uses well-established
metrics of differential expression and gene specificity to create tests,
rather than assuming a unimodal vs. bimodal gene expression
model. Future in vivo experiments will be useful to empirically
compare the relative utility of these and other approaches.

One-Step Generation of Double-Knock-In Split-Intein Gal4
Lines Using Dual Drug Selection. One technical bottleneck in
the production of split-intein Gal4 lines or split-Gal4 lines is the
fact that two independent transgenic lines must be created for
each desired genetic driver. We reasoned that it may be possible to
generate split-intein Gal4 lines in a single step by simultaneously
generating double knock-in lines. To test this approach, we adapted
our knock-in vectors to contain drug selection markers that were
recently characterized as transgenesis markers in Drosophila (44).
In this approach, each knock-in is marked by a separate drug
resistance gene, and double knock-in transformants are selected
by rearing larvae on food containing both of the relevant drugs.

We created a modified version of our Gal4™™ donor vector
contalmng a resistance gene for blasticidin (Blast™), and a version
of our Gal4 " donor vector containing a resistance gene for G418
(G418Y), and retained the fluorescent 3xP3-dsRed marker in both
vectors. We used TAB to identify two pairs of genes which mark
clusters from the FCA Gut atlas: CG13321 N CG6484 to label
“enterocyte of anterior adult midgut epithelium,” and CG14275
N CG5404 to label “hindgut.” For each gene pair, we generated
two separate drug resistance knock-in vectors, with one construct
resistant to blasticidin and the other resistant to G418 (Fig. 74).

We injected a 1:1 mixture of these two vectors into 7os-Cas9
embryos and mass-mated the resulting injected GO flies to a bal-
ancer stock, on food containing both blasticidin and G418
(Fig. 7A). Of the flies that survived, we selected flies with dsRed+
eyes and screened these by crossing to a UAS:2xEGFP reporter.
For CG14275 N CG5404, we only recovered a small number of
flies after drug screening, zero of which were dsRed+. However,
for CG13321 N CG6484, of the 12 dsRed+ flies we screened, six
(50%) drove GFP expression, indicating successful one-step cre-
ation of double knock-ins in ¢is on chromosome 2R. These six
lines drove strong EGFP expression throughout the anterior region
of the midgut, from the posterior limit of the cardia to the anterior
limit of the copper cells, as well as weaker, spotty expression in
portions of the posterior midgut (Fig. 7B). Independently, we
created separate  knock-ins  for CG13321-Gal4™™  and
CG6484-Gald“™ using our standard HDR vectors and confirmed
that these lines drove expression in an identical pattern.

We note that both of these genes are located on Chromosome
2R, indicating that it would be challenging to use standard recom-
bination genetics to create a single chromosome containing both
inserts, which further demonstrates the value of making a one-step
double knock-in. However, we note an important caveat.
Specifically, the double-drug selection protocol was not 100%
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Fig. 7. One-step generation of double-knock-in split-intein Gal4 line using drug selection markers. (A) Knock-in donor vectors containing drug resistance
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effective, as some dsRed-negative flies were observed after the first
round of mating. In addition, 50% of the dsRed+ flies did not drive
EGFP expression, which could indicate either that the two knock-in
events occurred in #7ans on homologous chromosomes and were
thus not captured via our screening procedure, or that only a single
knock-in occurred. Thus, while the double knock-in strategy can
serve to quickly generate split-intein Gal4 lines, it will require addi-
tional troubleshooting to be a reliable and scalable approach.

Discussion

In the original description of the split-Gal4 system, it was noted
that the replacement of the native Gal4 AD with the VP16 activator
represented a trade-off: VP16 drove much stronger expression, but
rendered split-Gal4 insensitive to repression by Gal80 (8). Here,
we present an alternative split-Gal4 system that obviates the need
for this trade-off by generating full-length wild-type Gal4 protein
from two nonfunctional fragments, using self-splicing split-inteins.
The split-intein Gal4 system combines the exquisite cell type spec-
ificity of split-Gal4 with the ability to temporally control Gal4
activity using existing Gal80" reagents. This system drives clean
and specific transgene expression at similar levels to the existing
split-Gal4 and Gal4 systems and is repressible by Gal80". Similar
to Gal4 lines, additional spatial restriction of split-intein Gal4 activ-
ity should be possible using existing Gal80 lines. We believe that

https://doi.org/10.1073/pnas.2304730120

these advantages will make the split-intein Gal4 system a valuable
addition to the toolkit available to the Drosophila research commu-
nity for targeted transgene expression in specific cell types.

Targeting of specific cell types should be further facilitated by
the widespread availability of scRNAseq datasets. As demonstrated
here, such datasets can be leveraged to create intersectional
split-intein Gal4 tools based on the knowledge of cell type—specific
gene expression. This approach should allow researchers to test
hypotheses generated by scRNAseq atlases and to de-orphan clus-
ters of unknown anatomy or function. It will also aid in the cre-
ation of highly specific drivers for nearly all cell types and tissues
in the fly and permit functional manipulations of these cell types
with temporal control. To aid in the design of cell type—specific
drivers, we have developed the TAB algorithm, which we believe
will reduce the potential for coexpression outside a specific cluster
of interest. Future characterization of the TAB algorithm across a
variety of scRNAseq datasets will help further refine the cell type—
specific tools available to the Drosophila research community.

To facilitate the creation of split-intein Gal4 lines, we have
generated a plasmid tool kit to create split-intein Gal4 lines, either
enhancer driven or via knock-in. For knock-ins, we provide plas-
mids for cloning via “long” homology arms (-1,000 bp), or via
“drop-in cloning” using 200 bp fragments, which is what we use
in this manuscript. These plasmids are diagrammed in SI Appendix,
Fig. S6 and have been deposited in Addgene.
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Materials and Methods
Full methods are available in S/ Appendix.

Experimental Animals. Drosophila melanogaster stocks were maintained and
crossed on standard laboratory cornmeal food, and experiments were conducted
at 18°C, 25 °C, or 29 °Cas indicated in the text. All adult experiments were per-
formed in females. The new transgenic lines created in this study are described
in S/ Appendix, Table S1,and all genotypes are provided in S/ Appendix, Table S2.

Optimization and Cloning of Split-Intein Gal4 and NanoTag Split-Gal4
Components. Design and cloning of components for both cell culture and
invivo, including "drop-in” cloning of knock-in vectors as well as promoter-driven
constructs, is described in detail in Supplemental Index Materials and Methods.

Testing Split-Intein Gal4 and NanoTag Split-Gal4 in S2R+ Cells. Drosophila
S2R+ cells (DGRC, 150) were cultured at 25 °C, in Schneider's media (Thermo
Fisher Scientific, 21720-024) with 10% fetal bovine serum (Sigma, A3912) and
50 U/mL penicillin-streptomycin (Thermo Fisher Scientific, 15070-063). S2R+
cells were transfected using Effectene (Qiagen, 301427) following the manu-
facturer's instructions. Two hundred nanograms of plasmid DNA per well was
transfected in 24-well plates. The cultured cells were imaged live 2 d after trans-
fection on an InCell Analyzer 6,000 automated confocal fluorescence microscope
(GE Healthcare Lifesciences).

RU486 Treatment. RU486 (Cayman Chemical Company Cat. No. 10006317)
was added to standard fly food at a final concentration of 200 pm. For larval
experiments, eggs were laid directly onto RU-containing food. For adult gut
experiments, eggs were laid on and developed on standard food, and adults
were transferred to RU-containing food for the indicated time.

Drug Selection for Double Knock-Ins. G418 (final concentration = 250 pg/mL)
and blasticidin (final concentration = 45 pg/mL) were added to 25 mLof standard
food in bottles and allowed to dry, uncovered, overnightin afume-hood. Injected
flies were mass-mated to balancer lines on drug food and flipped approximately
every 3 d onto new drug-containing food. The surviving F1 offspring were screened
for dsRed+ eyes, and any flies with dsRed+ eyes were then crossed to w; Sp/Cy0;
2xEGFPto simultaneously balance and screen for double knock-ins of split-intein
Gal4 components.

Antibody Staining and Imaging. For sagittal sections of whole flies, decap-
itated adult female flies were fixed overnight in 4% paraformaldehyde, then
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