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SUMMARY
Deciphering gene function requires the ability to control gene expression in space and time. Binary systems
such as the Gal4/UAS provide a powerful means to modulate gene expression and to induce loss or gain of
function. This is best exemplified in Drosophila, where the Gal4/UAS system has been critical to discover
conserved mechanisms in development, physiology, neurobiology, and metabolism, to cite a few. Here we
describe a transgenic light-inducible Gal4/UAS system (ShineGal4/UAS) based on Magnet photoswitches.
We show that it allows efficient, rapid, and robust activation of UAS-driven transgenes in different tissues
and at various developmental stages in Drosophila. Furthermore, we illustrate how ShineGal4 enables the
generation of gain and loss-of-function phenotypes at animal, organ, and cellular levels. Thanks to the large
repertoire of UAS-driven transgenes, ShineGal4 enriches the Drosophila genetic toolkit by allowing in vivo
control of gene expression with high temporal and spatial resolutions.
INTRODUCTION

Experimental control of gene expression in space and time is

instrumental in deciphering the basic principles governing meta-

zoan development, homeostasis, and physiology. Over the last

25 years, the binary Gal4/UAS expression system, initially intro-

duced inDrosophila (Brand and Perrimon, 1993), has become an

essential tool to control gene expression in numerous animal

systems (Adolfi et al., 2018; Caygill and Brand, 2016; Kawakami

et al., 2016; Del Valle Rodrı́guez et al., 2011). This stems from the

combinatorial possibilities offered by the pairwise use of UAS-

driven transgenes and Gal4-expressing transgenes controlled

by specific promoters, allowing loss- and gain-of-function

studies in given tissues or cells, as well as lineage tracing of spe-

cific cell types. Accordingly, the shared resources of transgenic

Gal4 drivers and UAS transgenes endow researchers with ever-

increasing collections of tools to explore patterning, signaling,

neurogenesis, and physiology, to name a few (Caygill and Brand,

2016; Dietzl et al., 2007; Jenett et al., 2012; Kaya-Çopur and

Schnorrer, 2016; Kvon et al., 2014; Port et al., 2020; Zirin

et al., 2020).

The success of the Gal4/UAS system has, furthermore, led to

additional refinements to better control UAS-driven transgene

expression, in space with split-Gal4 drivers (Pfeiffer et al.,

2010) or in time by exploiting hormone-dependent transactiva-

tion domains (Nicholson et al., 2008; Wang et al., 1997) or the

temperature-sensitive Gal80 (Gal80ts) repressor (McGuire
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et al., 2003; Zeidler et al., 2004). However, these approaches

rely on the availability of promoters controlling Gal4 expression

only at specific developmental stages. They are also subject to

the slow Gal80ts kinetics as well as the confounding effects of

temperature changes or hormonal supplementation (Landis

et al., 2015; McGuire et al., 2003; Zeidler et al., 2004). Optoge-

netics promises to overcome these limitations by readily

providing control of gene expression both in space and time

(de Mena et al., 2018). Accordingly, there have been several at-

tempts to develop optogenetic binary systems (de Mena et al.,

2018). Some success has been reported with optogenetic Gal4

approaches in cell culture, zebrafish embryos, Drosophila, and

mice (Liu et al., 2012; Wang et al., 2012; Pathak et al., 2017; de

Mena and Rincon-Limas, 2020; Mruk et al., 2020; Yamada

et al., 2020). These advances are significant, but they come

with some limitations: (i) the long light exposure (in the order of

hours) necessary to induce phenotypes or reporter expression

(de Mena and Rincon-Limas, 2020; Mruk et al., 2020), likely

incompatible with live imaging or the study of rapid biological

processes; (ii) leakiness in the dark (Mruk et al., 2020; Pathak

et al., 2017; Yamada et al., 2020); (iii) the lack of a fully transgenic

optogenetic Gal4/UAS system (Liu et al., 2012; Pathak et al.,

2017; Yamada et al., 2020); or (iv) the requirement of an exoge-

nous chromophore, which is only readily administered to tissue

explants (de Mena and Rincon-Limas, 2020). Accordingly, the

use of optogenetic Gal4/UAS systems continues to be sparse.

More generally, there is no current optogenetic binary system
cember 20, 2021 ª 2021 The Authors. Published by Elsevier Inc. 1
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that leverages the combinatorial possibilities afforded by exist-

ing shared resources.

Here, we report the development of a light-inducible split-Gal4

that provides rapid and robust gene expression control in space

and time in Drosophila in vivo. We establish that this light-induc-

ible Gal4, which we call ShineGal4, can be used to induce gain-

and loss-of-function phenotypes with high temporal and spatial

resolution. We expect that the ShineGal4/UAS system will open

new experimental opportunities to decipher a broad range of

biological processes.

Design
A set of exploratory experiments indicated that the LOV (Wang

et al., 2012), Cry2/CIBN (Kennedy et al., 2010), and iLID/SspB

(Guntas et al., 2015) optogenetic modules were unlikely to be suit-

able for an efficient Gal4-based transgenic optogenetic system.

We therefore turned to Magnet (Mag) photoswitches (Kawano

et al., 2015), which comprise negatively charged nMag and posi-

tively charged pMag proteins that heterodimerize in response to

blue light (Figure 1A). Several nMag and pMag variants have

been developed to achieve different efficiencies of light-depen-

dent heterodimerization and switch-off kinetics by introducing

point mutations in photocycle-related residues (Kawano et al.,

2015). As a first step, we opted for the MagHigh1 variants, which

exhibit the highest interaction strength under light with a half-life

(t1/2) switch-off kinetics of 4.7 h (Kawano et al., 2015). Because

higher interaction strengths are achievedbymultimerizingMagnet

photoswitches (Kawano et al., 2015), two tandem repeats of nMa-

gHigh1 and pMagHigh1 were fused to the Gal4 DNA binding

domain (1–147 aa, Gal4DBD; Carey et al., 1989) and the p65

transactivation domain (425–548 aa, AD; Pfeiffer et al., 2010),

respectively, to generate theGal4DBD:2xnMagHigh1and 2xpMa-

gHigh1:AD fusion genes (Figure 1A).

Gal4DBD:2xnMagHigh1 and 2xpMagHigh1:AD could be ex-

pressed as a single transcript using a T2A sequence to promote

a self-cleavage into the Gal4DBD:2xnMagHigh1 and 2xpMa-

gHigh1:AD proteins during translation (Lo et al., 2015). However,

because this design might lead to background activity from the

small amount of fusion protein arising from incomplete T2A cleav-

age, we opted to express Gal4DBD:2xnMagHigh1 and 2xpMa-

gHigh1:AD from two separate transgenes under the control of

the ubiquitin (ubi) promoter and with a p10 30 UTR to improve

mRNA stability and boost expression (Pfeiffer et al., 2012) (Fig-

ure 1B). In preliminary experiments, this led to reporter expression

under light. We thus pursued to characterize the ubi-

Gal4DBD:2xnMagHigh1-p10 and ubi-2xpMagHigh1:AD-p10

combination of transgenes, which we refer to as ubi-Gal4MagHigh.

In some circumstances, it might be beneficial that light-induced

expression terminates rapidly after the light is turned off. We,

therefore, created constructs with Magnet variants that have

faster switch-off kinetics. For instance, in combination with nMa-

gHigh1, the pMag, pFast1, and pFast2 variants have a t1/2 switch-

off kinetics of 1.8 h, 4.2min, and 25 s, respectively, comparedwith

the 4.7 h switch-off kinetics of the nMagHigh1-pMagHigh1

combination (Kawano et al., 2015). We built ubi-2xpMag:AD-

p10, ubi-2xpMagFast1:AD-p10, and ubi-2xpMagFast2:AD-p10

transgenes with the aim of testing them in combination with ubi-

Gal4DBD:2xnMagHigh1-p10.We refer to these transgene combi-

nations as ubi-Gal4Mag, ubi-Gal4MagFast1, and ubi-Gal4MagFast2.
2 Developmental Cell 56, 1–12, December 20, 2021
RESULTS

Temporal control of gene expression
As a first step, we quantitatively analyzed the ability of

ubi-Gal4MagHigh to drive UAS reporter expression in response

to blue light in the Drosophila pupal dorsal thorax epithelium

(notum, Figure 1C), a model to study cell and tissue dynamics

by live imaging (Bosveld et al., 2012, 2016; Curran et al., 2017;

Founounou et al., 2013; Guirao et al., 2015; Herszterg et al.,

2013; Levayer et al., 2016; López-Gay et al., 2020; Pinheiro

et al., 2017). For this, ubi-Gal4MagHigh, UAS-His2B:RFP

(ubi-Gal4MagHigh>His2B:RFP) animals expressing the adhe-

rens junction (AJ) marker Ecad:GFP were raised in the dark.

At the pupal stage, they were mounted under amber light for

spinning disc confocal live microscopy (see STAR Methods).

The level of His2B:RFP in these pupae was similar to that

observed in pupae carrying only the UAS-His2B:RFP reporter,

indicating minimal dark background activity (Figure S1A). We

then illuminated a 20-section z stack (200 ms per z position)

every 5 min at 491 nm (0.5 mW) to induce Mag heterodimeri-

zation as well as to image the Ecad:GFP signal. At the same

time, 561-nm illumination was used to record His2B:RFP

levels (See Table S1A for detailed illumination and acquisition

conditions). The His2B:RFP signal became detectable in the

whole tissue as early as 2 h after the onset of 491-nm illumi-

nation (Figure 1D; Video S1). The His2B:RFP signal was

initially variable among cells, but later became homogeneous

and reached a maximal 35 ± 6-fold average induction (Figures

1D and 1E; Video S1). As expected, the use of amber light illu-

mination during staging and mounting was critical to avoid

photoactivation prior to imaging, and exposure to 561-nm

illumination did not promote His2B:RFP expression in

ubi-Gal4MagHigh>His2B:RFP pupae (Figures S1B and S1C).

The ability of the ubi-Gal4MagHigh driver to control gene

expression upon blue light illumination was further confirmed

using different reporters, including UAS-His2B:YFP and

UAS-LifeAct:GFP (Figures S1D and S1E). Importantly, in all

cases, the 491-nm photoactivation settings used to induce re-

porter expression were fully compatible with the illumination

conditions used for live imaging of cell and tissue dynamics

with minimal phototoxicity.

Having found that ubi-Gal4MagHigh photoactivation induces

gene expression, we further characterized its switch-on kinetics

using the UAS-His2B:RFP reporter. As shown in Figure 1G, the

ubi-Gal4MagHigh switch-on t1/2 is 4.9 ± 0.1 h, with His2B:RFP

reaching maximal levels within 8 h. To investigate how this delay

compares to the time required for His2B:RFP synthesis, matura-

tion, and exchange with untagged histones, we performed FRAP

experiments in pupae expressing UAS-His2B:RFP under the

control of the ubiquitous actin-Gal4 driver (act-Gal4). Upon pho-

tobleaching, the His2B:RFP signal recovered with a t1/2 of 4.6 ±

0.1 h, which is similar to that observed with ubi-Gal4MagHigh (Fig-

ures 1G and S1F). This indicates that His2B:RFP synthesis,

maturation, or exchange are limiting factors for the accumulation

of newly synthesized His2B:RFP upon photoactivation. By com-

parison, the accumulation of His2B:RFP with act-Gal4/tub-

Gal80ts became only detectable 7 h after a temperature shift

from 18�C to 29�C (t1/2 equals 10.9 ± 0.6 h, Figures 1F and

1G). Furthermore, the maximal His2B:RFP level obtained using
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Figure 1. Temporal control of gene expression in the pupal dorsal thorax (notum)

Illumination settings used for photoactivation and imaging are given in Table S1A. N, number of animals.

(A) Schematic representation of the optogenetic split Gal4-Magnets used to induce gene expression by blue light photoactivation. Gal4 DBD (aa 1–147) and p65

AD (aa 425–548) are respectively fused to nMagnet and pMagnet tandems, which heterodimerize upon blue light exposure and promote Gal4-mediated acti-

vation of gene expression.

(B) Transgenes used to ubiquitously express Gal4DBD:2xnMagHigh1 and 2xpMagHigh1:AD.

(C) Dorsal view of a 14 h after pupa formation (hAPF) Drosophila pupa (top, from Bosveld et al., 2012) and a multiposition confocal image of the notum epithelium

(bottom), showing the distribution of Ecad:GFP. The black box indicates the region shown in the bottom panel. Inset: close-up on Ecad:GFP distribution in the

region outlined by a white box.

(D) Time-lapse images of ubi-Gal4MagHigh>His2B:RFP (top and bottom) and Ecad:GFP (bottom) upon photoactivation. Time (h) is set to 0 at the start of the 491-nm

illumination. Red asterisks indicate sensory organ precursors, the nuclei of which are located more basally.

(E) Graph of His2B:RFP fold change (mean ± SEM, N = 5) during photoactivation. Time (h) is set to 0 at the start of the 491-nm illumination.

(F) Time-lapse images of ubi-Gal4MagHigh>His2B:RFP (top) and act-Gal4>His2B:RFP, tub-Gal80ts (bottom). Time (h) is set to 0 at the start of the 491-nm illu-

mination or upon temperature shift from 18�C to 29�C.
(G) Graph of the normalizedHis2B:RFP intensity (mean ± SEM) for the experiments shown in (F) (red, N = 5 and purple, N = 3) and uponHis2B:RFP photobleaching

(FRAP) in act-Gal4>His2B:RFP pupae (green, N = 4). Red and purple curves: values are normalized to the maximal ones in each condition. Green curve: values of

the bleached region are normalized to the ones of the non-bleached region. Dashed lines: t1/2 of His2B:RFP protein accumulation. See also Figures S1F and S1G.

(H) Time-lapse images of ubi-Gal4MagHigh>His2B:RFP following a 1 h pulsed 491-nm illumination. Images are taken in the plane of the nucleus, the AJ

Ecad:3xmKate2 is not visible. Time (h) is set to 0 at the end of the 491-nm illumination.

(I) Graph of normalized His2B:RFP intensity (mean ± SEM, N = 4) for the experiment shown in (H). To ensure that His2B:RFP is accurately quantified, themeasured

His2B: RFP intensity is corrected by the background intensity due to Ecad:3xmKate2 signal in the nuclei plane. Values are normalized to the maximal value.

Scale bars: 50 mm (C) and 10 mm (D, F, H, and inset in C).

See also Figures S1 and S2 as well as Video S1; Table S1A.
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ubi-Gal4MagHigh was only slightly lower than the one achieved us-

ing act-Gal4/tub-Gal80ts (Figure S1G). Using the His2B:RFP re-

porter, we also characterized how the switch-on kinetics and

the level of reporter expression varied in animals raised (and

photoactivated) at different temperatures. In particular, we found

that, at 29�C, the switch-on kinetics was 1.6-fold faster and the

maximal level of His2B:RFP accumulation was 1.3-fold higher

relative to those observed at 19 ± 1�C (Figures S1H and S1I).

In addition, we found that, at a given temperature, the switch-

on kinetics varied somewhat between different UAS reporters

(Figure S1J).

To determine the switch-off kinetics of the ubi-Gal4MagHigh

driver, we illuminated the tissue with 4 s pulses every minute

for 1 h (491 nm, 0.5 mW) and recorded the subsequent dynamics

of the UAS-His2B:RFP reporter. After reaching its maximal level

at 7.2 ± 0.8 h, the His2B:RFP signal decreased by 10% at 9.3 ±

0.6 h after the end of the 491-nm illumination (Figures 1H and 1I).

We then compared this decay kinetics with that of UAS-driven

nls:Scarlet:PEST, expected to be rendered unstable by a proline,

glutamic acid, serine, and threonine (PEST) stretch (Rechsteiner

and Rogers, 1996). The nls:Scarlet:PEST signal was maximal at

7 ± 1 h and decreased by 10% at 9.2 ± 1 h after the end of the

491-nm illumination (Figures S2A and S2B), values that are

similar to those observed with UAS-His2B:RFP. This suggests

that the decrease in protein levels after returning to the dark is

mainly driven by the switch-off kinetics of the MagHigh1 photo-

switches. We found that a faster switch-off kinetics can be

achieved by combining ubi-Gal4DBD:2xnMagHigh1 with the

ubi-2xpMagFast1:AD transgene, albeit at the cost of lower signal

intensity (Figures S2C–S2F). Taken together, our data establish

that the ubi-Gal4MagHigh driver rapidly turns on ubiquitous gene

expression upon 491-nm illumination within the context of a

whole living animal and that the resulting protein accumulation

is maintained for several hours after the end of 491-nm

illumination.

Spatial control of gene expression by local
photoactivation
Having found that the ubi-Gal4MagHigh driver can be photoacti-

vated at the tissue scale, we investigated whether it could be

used to control gene expression locally, in a region of interest

(ROI) and at a given developmental time. Using a spinning disc

microscope, we found that a single pulse of 10 ms (0.5 mW)

was sufficient to induce the accumulation of His2B:RFP in a tis-

sue region, although this was in an area slightly larger than the

illuminated field (Figure 2A; Video S2). The dynamics of

His2B:RFP accumulation was comparable to that of the global

tissue activation routines (Figures S2G and S2H). Hence, very

short exposure routines suffice for local upregulation of gene

expression. It has been previously reported that multiphoton illu-

mination enables cellular resolution photoactivation of the Cry2/

CIBN optogenetic module in Drosophila (Guglielmi et al., 2015).

We found that 920 nm multiphoton illumination routines (40

scans, pixel dwell time of 0.76 ms at 25.2 mW) lasting a few mi-

nutes were sufficient to robustly activate His2B:RFP expression

exclusively in the illuminated ROI (Figures 2B and 2C). By modu-

lating the temporal and spatial pattern of illumination, we were

able to achieve gene expression patterns in different ROI either

simultaneously or sequentially, the latter enabling wave-like acti-
4 Developmental Cell 56, 1–12, December 20, 2021
vation of gene expression (Figures 2C and 2D; Videos S3 and

S4). Furthermore, by combining ubi-Gal4MagHigh and UAS-FLP,

we achieved local excision of an FRT-flanked stop cassette, re-

sulting in stable gene expression in a specific ROI (Figure S2I).

Lastly, by varying the laser power (from 18.3 to 28.7 mW) or

the number of illumination scans (from 20 to 50), we could modu-

late the number of His2B:RFP expressing cells and the levels of

His2B:RFP within a ROI (Figures 2E and 2F). Accordingly, we

could induce graded His2B:RFP expression within a tissue ROI

(Figures S2J and S2K). Altogether, we conclude that photoacti-

vation of the ubi-Gal4MagHigh driver constitutes a versatile plat-

form for local activation of gene expression. We will subse-

quently refer to this optogenetic binary system as

ShineGal4/UAS.

ShineGal4 is effective inmultiple tissues and at different
life cycle stages
To further test the versatility and relevance of the ShineGal4/UAS

system, we tested its ability to induce gene expression in other

Drosophila tissues besides the notum and at various life cycle

stages, including the adult. We found that ubi-Gal4MagHigh en-

ables the expression of UAS reporters in the pupal wing upon

global 488-nm illumination or local two photon illumination (Fig-

ures 3A and S3A). In addition, the ubi-Gal4MagHigh driver could be

used to activate His2B:RFP expression in any chosen pupal

histoblast nest (Figure 3B). Next, we investigated whether

ubi-Gal4MagHigh could be used to activate gene expression in

3rd instar larvae. By adapting a protocol for imaging anesthetized

larvae (Kakanj et al., 2020), we found that multiphoton illumina-

tion turned on His2B:RFP expression in a ROI of the wing disc

pouch (Figures S3B and S3C). Furthermore, by specifically pho-

toactivating the presumptive notum region of one of the twowing

imaginal discs, we recovered strong His2B:RFP expression in

the corresponding pupal hemi-notum, illustrating the possibility

of gene activation on one side of the animal (Figures 3C and

3D). Remarkably, exposing pupae or 3rd instar larvae to ambient

light or to 460 nm LED light was sufficient to induce gene expres-

sion in pupal tissues, imaginal discs, or the central nervous sys-

tem of the larva (Figures S3D–S3G). We also tested the ability of

ubi-Gal4MagHigh to induce gene expression in the early embryo

and found that a 1 s pulse of 488 nm (0.2 mW) illumination in

pre-gastrulating embryos was sufficient to promote His2B:RFP

accumulation (Figures 3E, S3H, and S3I; Video S5). Lastly,

we investigated whether the ShineGAL4/UAS system can pro-

mote gene expression in adults, using the follicular epithelium,

the Malpighian tubules, and the gut as test cases. Except

for the small R5 region of the posterior midgut region, the ubi-

Gal4MagHigh photoactivation achieved strong gene expression,

with low background being detectable in the absence of illumina-

tion (Figure S3J). Together, our data show that photoactivation of

the ShineGal4/UAS system allows robust UAS-driven gene

expression induction in multiple tissues at different life cycle

stages in whole living animals.

Making patterned Gal4 drivers light sensitive
We envision that it will be beneficial to light-induce gene expres-

sion (i) only in a subset of cells within a tissue; (ii) in a specific

tissue; or (iii) in a given gene expression pattern in a large number

of animals. We, therefore, set out to design pattern-specific
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Figure 2. Spatial control of gene expression by local photoactivation in the pupal notum

Illumination settings used for photoactivation and imaging are given in Table S1A.

(A) Confocal images of Ecad:3xmKate2 and ubi-Gal4MagHigh>His2B:RFP at 0.2 h and 6.2 h after a single 10 ms 491-nm illumination pulse in the indicated field of

view (red dashed box). Time (h) is set to 0 at the end of the 491-nm illumination. See also Video S2. Light scattering might explain that the His2B:RFP expression

region is slightly larger than the one of the 491-nm illuminated field.

(B) Confocal images of Ecad:3xmKate2 and ubi-Gal4MagHigh>His2B:RFP prior to and 5 h after two photon 920-nm illumination in the indicated ROI (red dashed

box). Time (h) is set to 0 at the end of the 920-nm illumination. The change in the ROI shape is due to the tissue deformations associated with morphogenesis.

(C) Confocal images of Ecad:3xmKate2 and ubi-Gal4MagHigh>His2B:RFP upon two photon 920-nm illumination in multiple ROI (red dashed boxes). Time (h) is set

to 0 at the end of the 920-nm illumination. See also Video S3.

(D) Confocal images of Ecad:3xmKate2 and ubi-Gal4MagHigh>His2B:RFP upon sequential two photon 920-nm illumination in two different ROI. The ROI2 (blue)

photoactivationwas performed 0.6 h after the one of ROI1 (pink). Time (h) after the photoactivation of each ROI is indicated in their corresponding colors. See also

Video S4.

(E) Confocal images of Ecad:3xmKate2 and ubi-Gal4MagHigh>His2B:RFP 5 h after two photon 920-nm illumination at increasing laser power and constant number

of illumination scans (40) in 4 different ROI. Images are projections in the plane of the nuclei, the AJ Ecad:3xmKate2 signal is not visible. All photoactivations

shown were performed in the same notum epithelium.

(F) Confocal images of Ecad:3xmKate2 and ubi-Gal4MagHigh>His2B:RFP 5 h after two photon 920-nm illumination at increasing number of illumination scans and

constant laser power (25.2 mW) in 4 different ROI. Images are taken in the plane of the nuclei, the AJ Ecad:3xmKate2 signal is not visible. All photoactivations

shown were performed in the same notum epithelium.

Scale bars: 50 mm (A and D) and 20 mm (B, C, E, and F).

See also Figure S2; Videos S2, S3, and S4; Table S1A.
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ShineGal4 drivers. As a proof of principle, we combined the ubi-

2xpMagHigh1:AD transgene with a Gal4DBD:2xnMagHigh1

gene controlled by the endogenouswingless (wg) promoter (Fig-

ure 4A); we called this bipartite driver wg-Gal4MagHigh. We found

that upon photoactivation in the notum or in the embryo, wg-

Gal4MagHigh induced LifeAct:GFP accumulation in the expected

wg expression domains (Figures 4B and 4C; Video S6). Using

a similar approach, we also generated ush-Gal4MagHigh and

mirr-Gal4MagHigh drivers (Figures S4A and S4B). Lastly, to

leverage the very large collection of existing Gal4 drivers, we im-

plemented a simple approach to render any existing Gal4 driver

light sensitive using generic CRISPR/Cas9 guide RNA and tar-

geting vectors (Figures S4C and S4D). Using this approach,
we converted the wing pouch driver pdm2-Gal4 into a pdm2-

Gal4MagHigh light-responsive driver (Figures 4D and S4E). Over-

all, these data show that new optogenetic drivers can be readily

created to allow facile, spatially restricted activation of gene

expression at defined experimental times.

ShineGal4 as a tool to modulate gene function
We then investigated whether ShineGal4 is capable of gener-

ating gain- or loss-of-function phenotypes in whole animals or

in specific tissue regions. First, we crossed the ubi-Gal4MagHigh

driver to the UAS-ebonydsRNA transgene and raised the progeny

in the dark or at ambient light from the 3rd instar larval stage on-

wards. Whereas the adult flies raised in the dark had a wild-type
Developmental Cell 56, 1–12, December 20, 2021 5
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Figure 3. ShineGal4 is effective in multiple tissues and at different life cycle stages

Illumination settings used for photoactivation and imaging are given in Table S1A.

(A) Confocal images of Ecad:3xTagRFP (left and right) and ubi-Gal4MagHigh>LifeAct:GFP (right) in a pupal wing prior to and 19 h after two photon 920-nm illu-

mination in a ROI (red dashed line). The pupal wing undergoes extensivemorphogenetic changes, explaining the changes in the ROI shape (Etournay et al., 2015).

Yellow arrowheads: macrochaetae. Time (h) is set to 0 at the end of 920-nm illumination and corresponds to 16 hAPF.

(B) Confocal images of Ecad:3xmKate2 and ubi-Gal4MagHigh>His2B:RFP in the pupal abdomen prior to, 6 h and 24 h after two photon 920-nm illumination in a ROI

(red dashed line). During pupal development, the histoblast nests grow, expand, and fuse, accounting for the increased surface covered by the histoblast nest,

while larval epithelial cells are lost by apoptosis (Ninov et al., 2009). Yellow dashed line: histoblast nest. Yellow arrowheads: segmental boundaries. The contrast is

higher in the image at 0 h to better visualize Ecad:3xmKate2 signal and the histoblast nest cells.

(C) Schematics of the bilateral wing imaginal discs in a 3rd instar larva, highlighting the domains that, upon morphogenesis and fusion, give rise to the notum and

wing tissues in the pupa. The strategy used to induce His2B:RFP expression in a pupal hemi-notum by local photoactivation in the presumptive notum region (red

region) in a single larval wing imaginal disc is also outlined. White dashed line: pupal notum outline. Yellow dashed line: notum midline.

(D) Confocal images of Ecad:3xmKate2 and ubi-Gal4MagHigh>His2B:RFP in a 3rd instar larva wing imaginal disc before photoactivation (left) and of the notum of a

pupa upon photoactivation in the 3rd instar larva imaginal disc (right). The red dashed line in the left panel indicates the presumptive notum region where

photoactivation was typically performed. White dashed line: pupal notum outline. Yellow dashed line: notum midline. Time (h) is set to 0 at the end of 920-nm

illumination.

(E) Time-lapse images of Ecad:3xmKate2 and ubi-Gal4MagHigh>His2B:RFP in an embryo following 488-nm illumination. Time (h) is set to 0 at the end of the 488-nm

illumination and corresponds to the blastoderm stage. Note that the Ecad:3xmKate2 is too dim at these stages to be clearly observed. See also Video S5 and

Figure S3H. Yellow arrowheads: debris on top of the embryo, probably corresponding to a chorion fragment.

Scale bars: 50mm.

See also Figure S3; Video S5; Table S1A.
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(wt) body color, the ones raised in ambient light exhibited an eb-

ony mutant phenotype (Figures 5A and S5A). Next, we aimed at

creating a light-inducible loss-of-function allele of vestigial (vg)

by combining a vg conditional allele (coding sequence flanked

by FRT sites; FRT-Vg-FRT) with ubi-Gal4MagHigh and UAS-FLP.

We found that ambient light was sufficient to generate a full vg

loss-of-function phenotype, as manifested by the absence of

wings (Figures 5B and S5B). Because ubi-Gal4MagHigh can

induce different levels of gene expression by tuning the illumina-

tion routine (Figures 2E and 2F), we then investigated whether a

phenotypic series could be generated. First, we established that

increasing the duration of exposure to 460 nm LED blue light re-

sulted in increased levels of reporter gene expression in pupae

(Figures S5C and S5D). Then, we used ubi-Gal4MagHigh to induce

Dpp overexpression at the pupal stage, which is known to cause

ectopic vein formation in the adult (De Celis, 1997). Whereas the
6 Developmental Cell 56, 1–12, December 20, 2021
animals raised in the dark exhibited a normal vein pattern, those

exposed to light showed an ectopic vein phenotype that got

stronger with longer illumination (Figures 5C and 5D). Together,

these experiments show that ShineGal4 allows the modulation

of gene activity at the animal scale to generate loss- and gain-

of-function phenotypes.

The significance of functional studies is greatly enhanced by (i)

systematic modulation of gene expression in the same tissue re-

gions in multiple experiments and/or (ii) comparison of gain- and

loss-of-function phenotypes between bilateral symmetric or-

gans. We therefore investigated the ability of ShineGal4 to

induce gain or loss-of-function phenotypes in a given tissue

ROI at a timescale of hours. As an example of gain of function,

we manipulated cell proliferation in the pupal notum. We used

the ubi-Gal4MagHigh driver and multiphoton illumination to acti-

vate the expression of the G1/S CyclinE (CycE) in a defined
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Figure 4. Making patterned Gal4 drivers light sensitive
Illumination settings used for photoactivation and imaging are given in Table S1A.

(A) Schematic of the wg-Gal4DBD:2xnMagHigh1 and ubi-2xpMagHigh1:AD transgenes referred to as wg-Gal4MagHigh.

(B) Time-lapse images of Ecad:3xTagRFP (bottom) and wg�Gal4MagHigh>LifeAct:GFP (top and bottom) in the notum epithelium of a pupa upon 491-nm illu-

mination. Time (h) is set to 0 at the start of 491-nm illumination. See also Video S6.

(C) Time-lapse images of Ecad:3xTagRFP and wg�Gal4MagHigh>LifeAct:GFP during 488-nm illumination in an embryo from stage 13 onwards. Time (h) is set to

0 at the start of the 488-nm illumination.

(D) Confocal images of DAPI (bottom) and pdm2-Gal4MagHigh>GFP (top and bottom) in wing imaginal discs dissected from early 3rd instar larva that were either

kept in the dark (left) or exposed to blue light during 5 min and fixed at the indicated times after photoactivation. See also Figures S4C–S4E.

Scale bars: 50 mm.

See also Figure S4; Video S6; Table S1A.
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ROI and compared its resulting proliferation rate with that of the

contralateral ROI (Figure 5E). Upon completing one cell cycle, we

found that cells in the photoactivated ROI re-entered the cell cy-

cle, whereas the contralateral did not, establishing that cell pro-

liferation can be spatially controlled by ShineGal4 (Figures 5F,

5G, and S5E; Video S7). To test our ability to achieve loss of func-

tion in a given tissue region, we aimed at locally abrogating

Myosin II (MyoII) function in the pupal notum. In one approach,

overexpression of a dominant-negative form of the Myosin II

heavy chain (ZipDN:YFP; Dawes-Hoang et al., 2005) promoted

an increase in cell apical area within 8 h in the activated ROI rela-

tive to the control contralateral cells (Figures 5H, 5J, and S5F).

Such increase was sustained for at least 24 h after illumination

(Figures S5G and S5H), indicating that ShineGal4 enables to

investigate both the short- and long-term consequences of local

dominant-negative form expression. In a separate approach, we

optogenetically expressed deGradFP to promote MyoII:GFP

degradation (Caussinus et al., 2011). Local expression of de-

GradFP in animals expressing MyoII:GFP as the only source of

MyoII (Ambrosini et al., 2019) led to the formation of bright My-

oII:GFP clusters within 4 h after photoactivation (Figure S5I).

Within an additional 4 h, MyoII:GFP signal became almost

completely absent from the apical cell cortex (Figures 5I and

S5I) and the cell apical area was increased relative to that in

the contralateral region (Figures 5I, 5K, S5J, and S5K). Together,

these results establish that ShineGal4/UAS enables global and

local modulations of gene activity at given developmental times.
DISCUSSION

ShineGal4/UAS as a plug-and-play optogenetic system
Over the years, the Gal4/UAS system has developed into a

powerful tool to control gene expression and decipher gene

function. Building on the Magnet photoswitches to develop Shi-

neGal4, we rendered the Gal4/UAS system light dependent, thus

further expanding its range of experimental opportunities in

whole living organisms. We show that ShineGal4 enables effi-

cient and robust gene expression in multiple tissues and life cy-

cle stages. It readily combines with the FLP/FRT system (Xu and

Rubin, 1993) to generate somatic clones at high temporal and

spatial resolution. Furthermore, ShineGal4 can also leverage ex-

isting Gal4 drivers to activate gene expression in genetically

determined patterns at experimentally chosen times. The avail-

ability of optogenetic drivers of different switch-off kinetics,

slow with ubi-Gal4MagHigh or fast with ubi-Gal4MagFast1 drivers,

will further refine the opportunities for temporal modulation of

gene expression. The ShineGal4/UAS system opens up a wide

range of experimental avenues to explore gene function locally

and temporally in whole animals.

By enabling light-dependent induction of any UAS transgene,

possibly in any tissue, the versatility of ShineGal4 complements

previously established optogenetic approaches (Johnson and

Toettcher, 2019; López-Gay et al., 2020; De Renzis, 2020;

Toettcher et al., 2011; Viswanathan et al., 2019), which were de-

signed for specific purposes, such as the fast modulation of
Developmental Cell 56, 1–12, December 20, 2021 7
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Figure 5. ShineGal4 as a tool to modulate gene function

Illumination settings used for photoactivation and imaging are given in Table S1A. The illumination routine is indicated at the top of the panels (E: embryo, L1, L2,

L3: 1st, 2nd, 3rd instar larva, respectively, P: pupa, A: adult). Unless otherwise stated, images were taken in the notum epithelium. N, number of animals.

(A) Image of ubi-Gal4MagHigh>ebonydsRNA adult flies either kept in the dark (left) or exposed to ambient light from the 3rd instar larva stage onwards (right). See also

Figure S5A.

(B) Image of ubi-Gal4MagHigh>FLP adult flies carrying a vg allele flanked by FRT sites (FRT-Vg-FRT) either kept in the dark (left) or exposed to ambient light (right)

throughout their whole development. See also Figure S5B.

(C) Images of wings from ubi-Gal4MagHigh>Dpp animals either kept in the dark or exposed to 460 nmLED illumination for 5, 30, or 120min between 13 and 20 hAPF

to illustrate the different phenotypic classes observed.

(D) Histogram of the percentage of each phenotypic class for the experiment shown in (C). N = 26 (0 min), 19 (5 min), 27 (30 min), and 15 (120 min).

(E) Confocal image of Ecad:3xmKate2 in the pupal notum showing the relative positions of the 920 nm photoactivated ROI (red) and contralateral control regions

(Ctrl, gray) to illustrate the strategy used in experiments shown in (F)–(K). Yellow dashed line: midline.

(F) Confocal image of Ecad:3xmKate2 in a ubi-Gal4MagHigh>CycE notum in the photoactivated and contralateral control regions at 11.8 h (21 hAPF) after two

photon 920 nm photoactivation. In the most anterior part of the notum (scutum), cells are initially blocked in G2 and most cells divide once between 14 and 18

hAPF and then enter quiescence (Bosveld et al., 2012, 2016; Guirao et al., 2015). In the photoactivated region, cell divisions (yellow dots) can be observed. Yellow

dashed line: midline.

(legend continued on next page)

ll
OPEN ACCESS Technology

8 Developmental Cell 56, 1–12, December 20, 2021

Please cite this article in press as: di Pietro et al., Rapid and robust optogenetic control of gene expression in Drosophila, Developmental Cell (2021),
https://doi.org/10.1016/j.devcel.2021.11.016



ll
OPEN ACCESSTechnology

Please cite this article in press as: di Pietro et al., Rapid and robust optogenetic control of gene expression in Drosophila, Developmental Cell (2021),
https://doi.org/10.1016/j.devcel.2021.11.016
MyoII function or ERK activity. Although these approaches were

successful and achieved faster kinetics, they tended to require a

significant investment in design and optimization. We view Shi-

neGal4/UAS as a plug-and-play system that will be readily imple-

mented for a wide range of applications and with minimal effort.

In addition, our results suggest that the Magnet photoswitches

could be used to design other binary optogenetic systems

such as Q/QUAS or LexA/LexO without leakiness in dark condi-

tions (Chan et al., 2015; Potter et al., 2010; Yagi et al., 2010). One

could also envision using the Magnet photoswitches to build

additional Drosophila optogenetic tools to modulate gene func-

tion such as CRISPR/deadCas9 or optogenetic FLP or Cre sys-

tems as shown in mammalian systems (Jung et al., 2019; Ka-

wano et al., 2016; Weinberg et al., 2019). Lastly, our findings

suggest that Magnet photoswitches or their more stable

enhanced Magnets (eMagnet; Benedetti et al., 2020) could be

used to design transgenic binary systems in other model

systems.

In conclusion, we propose that, combined with the ever-

growing catalog of UAS reporters and genome-wide collections

ranging from dsRNA (Dietzl et al., 2007; Kaya-Çopur and

Schnorrer, 2016; Zirin et al., 2020) to single-strand guide RNA-

Cas9 (Port et al., 2020) libraries, the ShineGAL4/UAS system en-

riches the Drosophila genetic toolkit by opening the possibility to

control gene expression with an exquisite temporal and spatial

resolution.

Limitations of the study
So far, we have only determined the switch-on and -off kinetics

of the ubi-Gal4MagHigh, ubi-Gal4Mag and ubi-Gal4MagFast1 drivers

in the notum. Characterizing their kinetics in a variety of tissues

remains to be done. We found that the faster ubi-Gal4MagFast1

switch-off kinetics came at the expense of lower levels of gene

activation. Perhaps this could be overcome by further increasing

the transgene expression level or the number of MagFast1 pho-

toswitch repeats. We have used complementary approaches to

generate several patterned ShineGal4 drivers. In one, which can

be used to convert any existing driver line light sensitive, we mi-

cro-injected generic CRISPR/Cas9 guide RNA and targeting

vectors in embryos of the appropriate Gal4-expressing strain.

Such conversion could be achieved without the need for injec-

tion by adapting the E-Golic+ approach for gene conversion

(Chen et al., 2020). So far, we have achieved patterned optoge-

netic drivers by combining Gal4DBD:2xnMagHigh (Figure 1) ex-
(G) Graph of the normalized cell division rate (±SEM, N = 3) in photoactivated (red)

784 and 790 cells were initially tracked in the photoactivated and contralateral reg

12 hAPF. Values are normalized to the maximal value of each condition. See als

(H) Confocal image of Ecad:3xmKate2 (left and right) and ubi-Gal4MagHigh>ZipDN:Y

after two photon 920 nm photoactivation. Yellow dashed line: midline.

(I) Confocal image of MyoII:GFP (left) and Ecad:3xmKate2 (right) in a ubi-Gal4MagH

regions at 8 h (24 hAPF) after two photon 920 nm photoactivation. UAS-deGradFP

protein bound by this nanobody (Caussinus et al., 2011). White arrowheads: MyoII

Figures S5I and S5K.

(J) Graph of cell apical areas for the experiment performed in (H) (N = 5; 4,876; an

0.0001. See also Figures S5F–S5H.

(K) Graph of cell apical areas for the experiment performed in (I) (N = 5; 1,866

value < 0.0001.

Scale bars: 1 mm (A, B, and C), 50 mm (E), and 20 mm (F, H, and I).

See also Figure S5; Video S7; Table S1A.
pressed from a patterned promoter with ubi-2xpMagHigh1:AD,

which is ubiquitously expressed. Further work will be needed

to assess whether the two elements of ShineGal4 can be both

expressed from patterned promoters to further refine the Shine-

Gal4 activation domain upon global light exposure.
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STAR+METHODS
KEY RESOURCES TABLE
Reagent or resource Source Identifier

Experimental models: Organisms/strains

Drosophila: Ecad:GFPki (Huang et al., 2009); gift of Yang Hong. NA

Drosophila: Ecad:3xmKate2 (Pinheiro et al., 2017) NA

Drosophila: Ecad:3xTagRFP (Pinheiro et al., 2017) NA

Drosophila:

Ecad:3xiRFP670

This study. Transgene inserted at the E-Cad

[KO;attP] attP docking site (Pinheiro

et al., 2017).

NA

Drosophila: Act5C-Gal4 Bloomington Drosophila Stock Center. BDSC#3954

Drosophila: tub-Gal80ts (McGuire et al., 2001); Bloomington

Drosophila Stock Center.

BDSC#7017

Drosophila:

Vg-FRT-VgHA-FRT

This study. Transgene inserted at the vg

[KO;attP] attP docking site

(Stapornwongkul et al., 2020).

NA

Drosophila: MyoII:GFPki (Sqh:eGFP) (Ambrosini et al., 2019); gift of Magali

Suzanne.

NA

Drosophila: UAS-LifeAct:GFP Bloomington Drosophila Stock Center. BDSC#35544

Drosophila: UAS-His2B:RFP (Langevin et al., 2005) NA

Drosophila: UAS-His2B:YFP (David et al., 2005) NA

Drosophila:

UAS-IVS-CD8:RFP

Bloomington Drosophila Stock Center. BDSC#32218

Drosophila: UAS-Myr:RFP Bloomington Drosophila Stock Center. BDSC#7119

Drosophila:

UAS-nls:Scarlet:PEST

This study. Transgene inserted the PBac

{yellow[+]-attP-9A}VK00013 attP

docking site.

NA

Drosophila: UAS-FLP Bloomington Drosophila Stock Center. BDSC#8209

Drosophila: UAS-ebonydsRNA Vienna Drosophila Resource Center. VDRC#104174

Drosophila: UAS-Dpp (Dejima et al., 2011) NA

Drosophila: UAS-ZipDN:YFP (Dawes-Hoang et al., 2005); gift of Dan

Kiehart.

NA

Drosophila:

UAS-Nslmb-vhhGFP4

(Caussinus et al., 2011), referred to as UAS-

deGradFP; Bloomington Drosophila Stock

Center.

BDSC#38422

Drosophila: UAS-CycE18; UAS-CycE (Simon et al., 2009); gift from Michel Gho. NA

Drosophila:

ubi-FRT-stop-FRT-nls:GFP

(Evans et al., 2009); Bloomington

Drosophila Stock Center.

BDSC#28281

Drosophila: UAS-GFP Bloomington Drosophila Stock Center. BDSC#6874

Drosophila: pdm2-Gal4 Bloomington Drosophila Stock Center. BDSC#49828

Drosophila: nos-Cas9SA (Poernbacher et al., 2019) NA

Drosophila:

ubi-Gal4DBD:2xnMagHigh1

This study. Transgenes inserted at either

the PBac{yellow[+]-attP-9A}VK00027 attP

docking site at 89E11 or the P{CaryP}

attP14 site at 36A10.

NA

Drosophila: ubi-2xpMagHigh1:AD This study. Transgenes inserted at either

the P{CaryP}attP2 docking site at 68A4 or at

the P{CaryP}attP33 site at 50B6.

NA

Drosophila:

wg-Gal4DBD:2xnMagHigh1

This study. Transgene inserted at the wg

[KO;attP] attP docking site (Alexandre

et al., 2014).

NA

(Continued on next page)
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Continued

Reagent or resource Source Identifier

Drosophila:

ush-Gal4DBD:2xnMagHigh1

This study. Gal4DBD:2xnMagHigh1 was

inserted upstream of the Ush ATG using

CRISPR/cas9 mediated homologous

recombination.

NA

Drosophila:

mirr-Gal4DBD:2xnMagHigh1

This study. Gal4DBD:2xnMagHigh1 was

inserted upstream of the Mirr ATG using

CRISPR/cas9 mediated homologous

recombination.

NA

Drosophila: pdm2-Gal4DBD:2xnMagHigh1 This study. This driver was generated by

gene conversion of the pdm2-Gal4 driver.

NA

Drosophila: ubi-2xpMag:AD This study. Transgene inserted by 4C31

mediated transgenesis at the P{CaryP}

attP2 docking site at 68A4.

NA

Drosophila: ubi-2xpMagFast1:AD This study. Transgene inserted by 4C31

mediated transgenesis at the P{CaryP}

attP2 docking site at 68A4.

NA

Drosophila: ubi-2xpMagFast2:AD This study. Transgene inserted by 4C31

mediated transgenesis at the P{CaryP}

attP2 docking site at 68A4.

NA

Oligonucleotides

See Table S1B.

Recombinant DNA

See also Table S1B

pUbi-p10-attB This study NA

pUbi-Gal4DBD:2xnMagHigh1 This study NA

pUbi-2xpMagHigh1:AD This study NA

pUbi-2xpMag:AD This study NA

pUbi-2xpMagFast1:AD This study NA

pUbi-2xpMagFast2:AD This study NA

pRIV-Gal4DBD:2xnMagHigh1 This study NA

pRIV-FRT-VgHA-FRT This study NA

pHR-Gal4DBD:2xnMagHigh1 This study NA

pHR-mirr-Gal4DBD:2xnMagHigh1 This study NA

pHR-ush-Gal4DBD:2xnMagHigh1 This study NA

pCFD5-mirr This study NA

pCFD5-ush This study NA

pTV-Gal4DBD:2xnMagHigh1 This study NA

pCFD4-GalT This study NA

pUAS-nls:Scarlet:PEST This study NA

pEcad:3xiRFP670 This study NA

Software and algorithms

Fiji http://fiji.sc SCR_002285

MetaMorph Microscopy Automation

and Image Analysis Software

Molecular devices

http://www.moleculardevices.com/

Products/Software/Meta-Imaging-Series/

MetaMorph.html

SCR_002368

ZEN Digital Imaging for Light Microscopy Zeiss

http://www.zeiss.com/microscopy/en_us/

products/microscope-software/zen.html

SCR_013672

Graphpad Prism Graphpad software

http://www.graphpad.com/

SCR_002798

(Continued on next page)
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Reagent or resource Source Identifier

Matlab Mathworks

http://www.mathworks.com/products/

matlab/

SCR_001622

Python Programming Language http://www.python.org/ SCR_008394

Cell Segmentation, tracking and

quantification codes

https://github.com/YBellaicheLab/

diPietro_et_al_manuscript

https://doi.org/10.5281/

zenodo.5636120
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Yohanns

Bellaı̈che (yohanns.bellaiche@curie.fr).

Materials availability
Flies and plasmids are available from the lead contact.

Data and code availability
d No large-scale datasets have been generated in this study. The rawmicroscopy data that support the findings of this study are

available from the lead author upon reasonable request.

d Cell segmentation, tracking, and analysis codes have been deposited at: https://github.com/YBellaicheLab/

diPietro_et_al_manuscript (https://doi.org/10.5281/zenodo.5636120) and are publicly available.

d Any additional information required to reanalyze the data shown in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly stocks and genetics
Drosophila melanogaster flies were grown on standard molasses/cornmeal/yeast food at 25�C or 18�C, and experiments were per-

formed at 25�C unless otherwise specified.Drosophila melanogaster stocks used in this study and associated references are listed in

the key resources table. Both female andmale animals were used in all experiments, except in the experiments shown in (i) Figures 5I

and 5K and Figure S5I–S5K for which males were used to ensure that MyoII:GFP located on the X chromosome is the only source of

MyoII activity; and (ii) in Figure S3J for which females were used to analyze reporter expression in the gut and the ovaries. The em-

bryo, the larva, the pupa, and the adult stage were used. Stocks carrying both pMagnet and nMagnet transgenes were handled in

room light and kept inside cardboard boxes. Experimental crosses were protected from light with aluminum foil. Cross handling,

embryo/larva/pupa selection andmounting for live imaging were performed in a dark room under amber light (white light lamp source

equipped with a 630/692 nm BrightLine� single-band bandpass filter or using three layers of Deep Straw colour filter LP015

(HT-range, Chris James Lighting Filters) over a white light source. Note that classical genetic markers except the orange/red eye

colors can be easily identified under amber light illumination. Experiments using the Gal4/UAS and the Gal4/Gal80ts/UAS systems

(Brand and Perrimon, 1993; McGuire et al., 2003) were performed as previously described (Bosveld et al., 2012).

METHOD DETAILS

Molecular biology and transgenesis
Table S1B lists plasmids generated in this study, their parental plasmids and associated references as well as the sequences of the

oligonucleotides used to clone them. Synthesized DNA fragments were obtained from IDT (sequences available upon request) and

oligonucleotides from Sigma. Cloning was performed by SLIC (Li and Elledge, 2012), Gibson assembly (Gibson et al., 2009) or regular

enzymatic digestion and ligation. All DNA constructs were checked by sequencing and full plasmid sequences or maps are available

upon request. Transgenesis was performed by either BestGene or the Crick fly facility. The following plasmids and their correspond-

ing transgenes when relevant were generated as follows:

pUbi-p10-attB

To generate the pUbi-p10-attB vector, a pUbi-SV40-attB vector was first built by amplifying the ubi-p63E promoter sequence and

inserting it into the pCasper-hs vector (Thummel and Pirrotta, 1992) using XhoI and XbaI restriction sites to replace the hs pro-

moter, giving rise to the pUbi-p63E-Casper vector. Then, a fragment containing the SV40 30UTR and an attB site was amplified

from the pUAST-attB vector (Bischof et al., 2007) and inserted into the pUbi-p63E-Casper vector using the BglII restriction site to

generate the pUbi-SV40-attB vector. The pUbi-p10-attB was then cloned as follows: the endogenous ATG sequence located up-

stream of the multiple cloning site in the pCasperUbi-SV40-attB vector was removed by PCR amplifying a fragment from the
Developmental Cell 56, 1–12.e1–e7, December 20, 2021 e3
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pCasperUbi-SV40-attB vector itself while excluding the ATG. This PCR fragment was inserted into the pCasperUbi-SV40-attB

vector using the XhoI and NotI restriction sites. The SV40 30UTR was then replaced by a p10 30UTR amplified by PCR from

the pJFRC81-10XUAS-IVS-Syn21-GFP-p10 (Addgene #36432). The PCR fragment was inserted in the modified pCasperUbi-

SV40-attB vector using the XbaI and BamHI restriction sites.

pUbi-Gal4DBD:2xnMagHigh1 and pUbi-2xpMagHigh1:AD

The pUbi-Gal4DBD:2xnMagHigh1 vector was generated by cloning a Gal4DBD:2xnMagHigh1 synthetic fragment at the Xba1

site of the pUbi-p10-attB vector. The resulting construct was inserted in the fly genome at the PBac{yellow[+]-attP-9A}

VK00027 and P{CaryP}attP14 attP docking sites by 4C31 site-directed integration (Groth et al., 2004). The pUbi-2xpMa-

gHigh1:AD plasmid was produced by cloning the pMagHigh1-Linker and the Linker-pMagHigh1:AD synthetic DNA fragments

at the XbaI site of the pUbi-p10-attB vector. Transgenesis was then performed by 4C31 site-directed integration at the P

{CaryP}attP2 and P{CaryP}attP33 sites. Subsequently, recombinant lines of ubi-Gal4DBD:2xnMagHigh1 and ubi-2xpMa-

gHigh1:AD on the second and third chromosomes were generated. All data reported in this manuscript were obtained with

the ubi-Gal4DBD:2xnMagHigh1 and ubi-2xpMagHigh1:AD recombinant on the third chromosome. Note that the use of a p10

30UTR terminator in ubi-2xpMagHigh1:AD vector outperforms an hsp27 30UTR to achieve strong and homogeneous reporter

expression.

pUbi-2xpMag:AD, pUbi-2xpMagFast1:AD and pUbi2xpMagFast2:AD: These vectors were generated by cloning at the SpeI site of

the pUbi-p10-attB vector, the 2xpMag:AD, 2xpMagFast1:AD or 2xpMagFast2:AD synthetic DNA fragments, respectively. Each

transgenewas inserted at the P{CaryP}attP2 site by4C31 site-directed integration. The ubi-Gal4MagFast2 driver did not induce detect-

able LifeAct:GFP expression.

pRIV-Gal4DBD:2xnMagHigh1

The pRIV-Gal4DBD:2xnMagHigh1 was generated by inserting a NotI-SpeI fragment coming from pUbi-Gal4DBD:2xnMagHigh1 into

the original RIV-CHERRY vector (Baena-Lopez et al., 2013). It was subsequently inserted inwg[KO;attP] flies (Alexandre et al., 2014)

using 4C31 site-directed integration to generate the wg-Gal4DBD:2xnMagHigh1 transgenic flies.

pRIV-FRT-VgHA-FRT

To generate the RIV-FRT-VgHA-FRT vector, a C-terminal HA tagged version of vgwas inserted between the FRT sites in the original

RIV-FRT-MCS1-FRT vector (Baena-Lopez et al., 2013). This construct was subsequently integrated in the vg[KO;attP] stock (Sta-

pornwongkul et al., 2020) using 4C31.

pHR-Gal4DBD:2xnMagHigh1, pHR-mirr-Gal4DBD:2xnMagHigh1, pHR-ush-Gal4DBD:2xnMagHigh1, pCFD5-mirr and pCFD5-

ush: To insert a Gal4DBD:2xnMagHigh1-p10 30UTR sequence downstream of a given promoter by CRISPR/Cas9 mediated homol-

ogous recombination, we generated a generic vector pHR-Gal4DBD:2xnMagHigh1 composed of an N-terminal Gal4DBD:2xnMa-

gHigh1-p10 30UTR and a hs-mini-white cassette flanked by two loxP sites (Huang et al., 2009; Pinheiro et al., 2017). To obtain

this vector, the mKate2 sequence of the pHR-mKate2 vector (Pinheiro et al., 2017) was replaced by a ISV-Syn21 sequence (He

et al., 2019) followed by the Gal4DBD:2xnMagHigh1-p10 30UTR sequence by cloning them at the BsaI and BamHI sites using

SLIC. The pHR-mirr-Gal4DBD:2xnMagHigh1 and pHR-ush-Gal4DBD:2xnMagHigh1 vectors were then generated by inserting a 50

homology arm at the BsaI site and 30 homology arm at the SapI site of the pHR-Gal4DBD:2xnMagHigh1 vector; these 50 and 30 ho-
mology arm sequences correspond to the ones needed to target either the mirr or ush locus. Guide RNAs used to target the 2 loci

were cloned in the pCFD5 vector (Port et al., 2014) at the BbsI site.

pTV-Gal4DBD:2xnMagHigh1 and pCFD4 –Gal4T: In order to convert the pdm2-Gal4 driver into a ShineGal4 driver by CRISPR/

Cas9 mediated homologous recombination, two vectors were generated: (i) the CFD4-GalT that ensures expression of the sgRNA

necessary to induce a double-strand break in the genomic Gal4 sequences; (ii) the pTV-Gal4DBD:2xnMagHigh1 as a template for

gene conversion. CFD4 –Gal4T was generated by inserting 2 copies of the sgRNA in the pCFD4 vector (Port et al., 2014). The

Gal4 PAM target (CGG) is located exactly 7bp after aa147, the last aa of the Gal4DBD. To generate pTV-Gal4DBD:2xnMagHigh1,

the attP site from the original TVDattP-PAX-Cherry (Poernbacher et al., 2019) was first removed. Using Gibson assembly, Gal4DBD

was then inserted (aa1-aa147) fused to 2xnMagHigh1 and followed by the p10 30UTR in the 50MCS. Subsequently, a PCR fragment

(1290bp) encoding 430aa of Gal4 ORF (aa148-aa578) was cloned in the 30MCS using SpeI and ZraI. During homologous recombi-

nation, the sequences encoding the Gal4DBD and the Gal4 aa148-aa578 can therefore be used as the 50 and 30 homology arms,

respectively (Figure S4C). To promote the homologous recombination event, the Gal4 CRISPR target was also introduced upstream

the 50 homology arm, ensuring the linearization of the pTV-Gal4DBD:2xnMagHigh1 upon injection. Importantly, pCFD4-GalT and

pTV-Gal4DBD:2xnMagHigh1 can be used to convert any Gal4 drivers into GAL4DBD:2xnMagHigh1 split drivers necessary to

generate the corresponding ShineGal4 driver. For conversion of Gal4 to GAL4DBD:2xnMagHigh1, about 200 nos-Cas9 virgins

were crossed with 100 males from the pdm2-Gal4 strain. After 3-4 days, around 300-400 embryos were co-injected with a mix of

pCFD4-Gal4T (300ng/ml) and pTV-Gal4DBD:2xnMagHigh1 (500ng/ml), prior to germline pole cell formation. Potential insertions

were selected based on the 3pax3-CHE fluorescent marker. Five putative candidate pdm2-Gal4MagHigh lines were confirmed by

crossing them to a ubi-2xpMagHigh1:AD; UAS-GFP line to analyze GFP expression in the dark and upon illumination.

UAS-nls:Scarlet:PEST

The nls and PEST sequences were added to primers used to amplify the mScarlet sequence from the plasmid pmScarlet-H_C1

(Addgene #85043) and the resultant fragment was subcloned as a KpnI-XbaI fragment into the pJFRC81-10XUAS-IVS-Syn21-

GFP-p10 plasmid (Addgene #36432). The resulting plasmid, pJFRC81-mScarlet-PEST, was integrated at the PBac{yellow[+]}

attP-9A, VK00013 site in the Drosophila genome.
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pEcad:3xiRFP670

Three iRFP670 fragments were amplified from the pmiRFP670-N1 vector (Addgene #79987) and cloned as a triple repeated

sequence separated by flexible linkers at the NheI site of the pGE-attB-Shg vector (Huang et al., 2009). The resulting plasmid was

then inserted at the Ecad[KO;attP] site (Pinheiro et al., 2017) using 4C31 mediated recombination.

Animal mounting for imaging
Embryos, larvae and pupae were collected and mounted for imaging in a dark room under amber light.

Embryo

Embryos prior to cellularization or at around stage 13 were collected, washed in 1X Phosphate-Buffered Saline (PBS) and dechor-

ionated with household bleach for 1-2min. After 3 washes in PBS, embryos were placed on aMatTek dish (MatTek Life Sciences) and

covered with PBS for live imaging.

Larva

For two photon activation experiments, we adapted the method described in (Kakanj et al., 2020) to anesthetize and mount living

larvae for tissues imaging in order to perform small-scale experiments and increase viability at pupal stage. Briefly, using a red light

in a dark room, 7 to 8 third instar larvae were collected with a soft brush, and placed in small homemade plastic cages allowing vapor

exchange (see Figure 4 (Kakanj et al., 2020)). Larvae were then exposed to diethyl-ether vapor for 3min in these plastic cages. Next,

larvae were separated and placed on 35mmglass bottom dishes (20mmmicrowell, MatTek Life Sciences). Larvae were oriented A-P

and dorsolaterally with an angle of approximately 45� to expose one of the wing imaginal discs to the glass bottom surface, in prep-

aration for inverted microscopy. After imaging and two-photon photoactivation, larvae were collected and kept in a food vial in the

dark, until observation. This protocol allowed us to anesthetize larvae for 30min and to obtain high animal viability after anesthetiza-

tion (70–100% in more than 10 experiments). To image the UAS-His2B:RFP signal 7h after activation in whole larvae, the above pro-

cedure was repeated for anesthetization and observation.

Pupa

Pupae were collected and mounted for dorsal thorax, wing or histoblast live imaging as described previously (Bosveld et al., 2012;

Classen et al., 2008; Pinheiro et al., 2017).

Larva and adult tissue dissection and staining
Larva

Third instar wandering larvae were collected and head complexes were dissected in PBS and fixed for 30min in 4% PFA (Electron

Microscopy Sciences). Upon 3 washes in PBT (PBS, 0.1% Triton X100, Sigma), head complexes were counterstained with DAPI

(40,6-diamidino-2-phenylindole, 1mg/ml) before dissection of the imaginal discs and the CNS. The imaginal discs and the CNS

were either equilibrated in PBS:glycerol (1:1) before mounting them in PBS:glycerol (1:4) with 4% n-propyl gallate, or directly

mounted in Mowiol.

Adult

Adult guts, ovaries and Malpighian tubes were dissected in PBS from fed female flies, and fixed in 4% PFA in PBS for 90min. Upon 3

washes in PBT, they were equilibrated in PBS:glycerol, washed in PBT and then counterstained with DAPI (1mg/ml) in PBT before

further dissection, equilibration in PBS:glycerol (1:1) and mounting in PBS:glycerol (1:1) supplemented with 4% n-propyl gallate.

To image adult flies in the ebony experiment, animals were immersed in a glycerol:ethanol (4:1) solution to avoid reflection and

imaged using a Zeiss binocular equipped with an Axiocam camera and three white light sources (Zeiss KL200LED and Schott

KL1600). To image adult flies in the vg experiment, animals were anchored in low-melting agarose and imaged on a Zeiss SteREO

Discovery V20 with an Axiocam 105 color camera and built-in white light source. For adult wing imaging, flies were preserved and

their wings dissected in 100% isopropanol. Wings were mounted on Euparal mounting medium (Anglian Lepidopterist Sup-

plies, ALS).

Microscopy and photoactivation
Microscopes, software, and imaging

Samples were imaged at 25�C, unless otherwise specified, using the following setups: 1) An inverted confocal spinning disk micro-

scope CSU-W1 (Andor/Roper/Nikon) equipped with a sCMOS camera (Flash4 Hamamatsu), and a Borealis module from Andor for

better field homogeneity. Pupae were imaged with a 40x objective (NA 1.3 OIL DIC H/N2 PL Fluor). This microscope was used for all

time-lapse acquisitions of the pupal notum and single photon photoactivation at 491 nm; 2) An inverted confocal spinning disk mi-

croscope from Zeiss (CSUW1, Roper/Zeiss) equipped with a sCMOS camera (Flash4 Hamamatsu), a Visitron module for better field

homogeneity and a FRAPmodule (iLAS) using either 40x NA 1.4 OIL DIC N2 PL FLUOR, a 100x NA 1.4 OIL DIC N2 PL APO VC or 10x

NA 0.3 DIC L/N1 PL FLUOR objectives. This set-up was used for the FRAP experiments and acquisition of several still images; for

these two microscopes images were taken using a 2x2 binning unless otherwise specified; 3) An inverted confocal microscope from

Carl Zeiss (LSM880 NLO) with 40x NA 1.3 OIL DICII PL APO (UV) VIS-IR or with a 25x NA 0.8 OIL, W, Gly LD LCI PL APO (UV) VIS-IR

objectives. This microscope was used for still image acquisition, and for local photoactivation (see two photon section) since it is

equipped with a two-photon Ti:Sapphire laser (Mai Tai DeepSee, Spectra Physics); a same model microscope with a C-Apochromat

40x NA 1.2 water-immersion objective was used to image wing discs for the pdm2 experiment; 4) An inverted Nikon CSU-W1 Spin-

ning disk microscope equipped with a Prime 95B sCMOS camera (Teledyne Photometrics) and a 40x NA 1.15 Apo LWD Lambda
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WI objective. This set-up was used for pupal wing and embryo photoactivation and imaging; 5) A LSM780 NLO inverted confocal

microscope (Carl Zeiss) equipped with a Chameleon NIR tuneable two-photon laser (Coherent) and using a 40x NA 1.2 C-Apochro-

mat WI objective. This set-up was used for local photoactivation in pupal wings; 6) A Zeiss Axioplan 2 upright light microscope (Carl

Zeiss) equipped with an Axiocam camera, with a 5x dry objective was used to image adult wings. Software packages from Zen, iLAS

and Metamorph were used for microscopy.

The image acquisition and photoactivation routines used for each experiment are described in Table S1A. The Metamorph auto-

focus function was used for all time-lapse acquisitions in the notum. To photoactivate ShineGal4, one should simply first try laser

powers routinely used for live imaging in conditions without bleaching and detrimental developmental effects. In the following sec-

tions we provide additional details and considerations. We noticed that the fluorescence lamp source (HXP 120V from Zeiss) with a

HE DsRed filter (excitation 545/525, dichroic mirror 570) used to observe pupae at 40x prior to imaging/photoactivation can promote

the activation of ShineGal4 drivers. We thus recommend using laser illumination to observe and focus samples prior to imaging.

Measurements of laser power

Single photon lasers: Laser powers weremeasured on the front focal plane of the objective using a compact power and energymeter

console (ThorLabs, #PM100D) fitted with a low power photodiode sensor (ThorLabs, #S170C). Infrared multiphoton laser: Laser po-

wer on the focal plane was determined either by i) measuring the power at the back focal plane of the objective with a thermopile

sensor (PM10V1, Coherent, Santa Clara, USA) and multiplying by a factor of 0.75 (transmission of the 40x oil objective at 920 nm

according to Zeiss transmission curves https://www.micro-shop.zeiss.com/) for the two-photon Ti:Sapphire laser used in most ex-

periments, or ii) on the sample plane (spot scan mode), using a compact power and energy meter console (ThorLabs, #PM100D)

fitted with a high power thermal sensor (ThorLabs, #S470C), for the Chameleon NIR tuneable two-photon laser used for local photo-

activation in the wing.

Single photon photoactivation using spinning disk microscope

When using the ubi-Gal4MagHigh or ubi-Gal4Mag drivers, one pulse of 10, 50, 100, or 200ms at 0.5mW 491 nm is sufficient to promote

local UAS expression. The reporter expression can also be observed in the tissues beneath the notum. Hence, two-photon photo-

activation should be favored to exclusively activate expression in a ROI. Furthermore, several 491-nm illumination pulses leads to

photoactivation of all tissues of (i) the pupa under observation and (ii) the other pupae present on the same slide. Thus, non-photo-

activated controls are imaged separately. In the case of the ubi-Gal4MagFast1 a pulsed illumination (4s pulse, in a 20 z-section x 200

ms/z, every minute for 25min) with 491nm laser (0.5mW) is necessary for reporter expression, which is in agreement with the lower

heterodimerization strength reported for the High-Fast1 Magnet pair (Kawano et al., 2015).

Two photon photoactivation

Two photon based photoactivation was performed with either (i) a Ti:Sapphire laser (Mai Tai DeepSee, Spectra Physics) at 920 nm,

using a 40x objective NA1.3 OIL DICII PL APO (optical zoom 0.6x), or (ii) A LSM780 NLO inverted confocal microscope (Carl Zeiss)

equipped with a Chameleon NIR tuneable two-photon laser (Coherent) and using a 40x NA1.2 C-Apochromat WI objective.

(i) Pupal tissue photoactivation:

For photoactivation, Ecad:3xmKate2 or Ecad:3xTagRFP were used to visualize tissues and define one or several ROI using Zen

Zeiss software. Each ROI was then consecutively scanned (4 iterations per line, pixel dwell time: 0.76ms) several times for an equal

number of times at a subapical position (2mmbelow the apical surface) and at a more basal position, roughly corresponding to nuclei

position (4mm below the apical surface). Different laser powers or different total number of scans were used (Table S1A). A slight

bleaching of the Ecad:3xmKate signal was sometimes observed when performing the two photon photoactivation routines.

(ii) Imaginal disc photoactivation:

We found that wing discs are located at approximately 30-80mmbelow the larva epidermis (the first wing imaginal disc nuclei being

approximately 40mm below the larval epidermis). To photoactivate them, laser power was set between 108 and 281mW. Note that

above 187mW tissue damage starts to be observed in some animals indicated by disorganization of the tissue and the presence of

wounds. As the wing imaginal disc is a pseudostratified not flat epithelial tissue, performing two photon illuminations at different z

positions improved the efficiency of activation in the designed ROI.

Photoactivation in whole animals
LED illumination

Pupae staged between 13 and 20hAPF were placed in a Petri dish (ThermoFisher) with their ventral side facing down. The dish was

placed upside down inside a BlueCell device equipped with an array of 460 nm LED strips controlled by a Raspberry Pi microcom-

puter unit (Gehrig et al., 2017). Similarly, 3rd instar larvae were illuminated using the BlueCell device to induce gene expression in the

imaginal discs in the experiment using the pdm2-Gal4MagHigh driver (Figure 4D; Figure S4E).

Ambient light or fiber optic light source

To induce gene expression from the 3rd instar larval stage onwards using the ubi-Gal4MagHigh driver, larvae were transferred to two

new food vials under amber light: one vial was then kept in the dark using an aluminum wrapping, while the other was simply placed

on a lab desk at ambient light until fly hatching. A similar protocol was used to expose animals to light throughout their development.

Ambient light or Zeiss KL200 LED light source (15mW/cm2) were also used to photoactivate ubi-Gal4MagHigh to induce reporter
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expression in 3rd instar larvae and adult tissues by exposing whole animals in vials. For the Figure S1B, a Schott KL 1600 LED white

light source with or without amber light filter (630/692 nm BrightLine� single-band bandpass) was used. For the Figure S3H, a trans-

mitted white light Leica stereoscope with or without three layers of Deep Straw colour filter LP015 for amber light was used.

Figures preparation
Images and time-lapse movies shown as figure panels or time-lapse movies were subjected to bleach correction, brightness, and

contrast modifications and rotation using Fiji (Schindelin et al., 2012) or Photoshop. Furthermore, time-lapse movie stacks were

registered using the MultistackReg or Linear Stack Registration with SIFT Fiji plugin, to visualize the change in signal level in specific

ROI. All images aremaximal projections of the relevant z-sections. Full tissues images of the notum, abdomen, wing, wing discs, CNS

and embryos were generated by stitching multiple positions using 2D stitching, Pairwise or Grid/Collection, plugins in Fiji (Preibisch

et al., 2009). For embryo movies processing, outlier pixels were removed using the Remove Outliers function (radius 2, threshold 10).

Then, a radius 1 Gaussian filter was applied, before projection and stitching. For images displayed in Figure 3B and Figures S5J and

S5K denoising was performed using the Fiji despeckle filter. In Figures S3G and S3J the DAPI channels were adjusted independently

in each image. Graphs were made using GraphPad (Prism) or MATLAB (MathWorks). Error bars are the standard error of the

mean (SEM).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantifications
His2B:RFP and nls:Scarlet:PEST signals

The UAS-His2B:RFP or UAS-nls:Scarlet:PEST signals were quantified as their mean intensity on maximal projections within a given

ROI either on one image or on the successive time-lapse images using a Fiji macro. Mean background intensities were determined as

the mean value either measured at the beginning of the experiment for time-lapse movies or measured outside the tissue in the case

where the total RFP signal was integrated over the whole tissue. In experiments for which Ecad:3xmKate2 was used to label the tis-

sue, the mean RFP signal was corrected by subtracting the mean RFP signal measured in pupae of the same genotype and at the

same time-points without photoactivation. This ensures that the Ecad: 3xmKate2 signal is not taken into consideration when

measuring the RFP signal. All mean corrected values were normalized to the maximal value in time-lapse experiments. For the

FRAP experiments, the UAS-His2B:RFP mean intensities measured within the photobleached area over time were normalized by

one of a neighboring non-bleached area over time. The switch-on t1/2 was determined on individual His2B:RFP, His2B:YFP and

LifeAct:GFP level curves and individual values were then averaged. To determine when the His2B:RFP or nls:Scarlet:PEST signals

start to decrease upon reaching their maxima, we quantified the time at which the fluorescent level decreases by 10% relative to its

maximal level on each curve. These values were then averaged.

Cell division rate

Upon live-imaging, Ecad:3xmKate2 image stacks were restored and projected using CARE (Weigert et al., 2018). For the few time-

points for which the focus was lost, these time-point images were replaced by a previous time point acquisition to facilitate segmen-

tation and tracking. The cell outlines were then segmented using a homemade segmentation software based on watershed and

StarDist (Schmidt et al., 2018). Cell tracking was performed and division rates were determined using MATLAB and C++ codes

as previously published (Bosveld et al., 2012; Guirao et al., 2015; López-Gay et al., 2020).

Cell apical area

In the case of the ZipDN and deGradFP/MyoII:GFP experiments, Ecad:3xmKate2 z-stacks were projected using CARE (Weigert et al.,

2018). The segmentation was then performed as indicated for the division rate quantification. Each cell area was finally measured

using MATLAB codes in both the photoactivated and the corresponding control regions. Microchaetea and macrochaetea were

excluded from the analyses.

Vein phenotype

Classification of the phenotypic severity of ectopic vein phenotypes in adult wings was performed by visual inspection. The criteria

used for classification was the extent of ectopic vein coverage. Phenotypes were classified asmild for an ectopic vein coverage of up

to 50%, moderate for an ectopic vein coverage of 50–80% and severe when the whole wing was covered by ectopic vein tissue.

Statistics
Sample sizes vary in each experiment. The experiments were performed on a minimum of 3 animals per condition. Animals were

randomly selected within a given genotype for subsequent analyses. Only animals without developmental delay and normal Ecad

distributions (when applicable) were included in the analyses. In Figures 5G, 5J, and 5K and Figure S5H: Cells at the border of images

were not quantified as they cannot be properly segmented. The adult phenotypes shown in Figures 5A and 5B and Figures S5A and

S5B are representative of at least 15 animals. To determine the statistical difference between sets of continuous data, we performed

non-parametric Mann-Whitney tests on GraphPad. Significance is indicated by asterisks: *, p<0.05; **, p<0.01; ***, p<0.001; and ****,

p<0.0001. No blindingwas performed. The statistical parameters are reported in figure legends. N indicate the number of animals and

the error bars represent the standard error of the mean (SEM).
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