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Abstract

Binary expression systems are flexible and versatile genetic tools in Drosophila. The Q-system is a 

recently developed repressible binary expression system that offers new possibilities for transgene 

expression and genetic manipulations. In this review chapter, we focus on current state-of-the-art 

Q-system tools and reagents. We also discuss in vivo applications of the Q-system, together with 

GAL4/UAS and LexA/LexAop systems, for simultaneous expression of multiple effectors, 

intersectional labeling, and clonal analysis.
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1 Introduction

Spatial and temporal control of transgene expression is essential for studies of gene and cell 

function. Expression of GFP and other reporters uncover the anatomy of cellular circuits and 

the activity of cells [1 – 3]; gene knockdown by RNAi or gene overexpression emphasizes 

gene function [4, 5]; expression of neurotoxins, or expression of light- or temperature-

sensitive channels, alters cell function by inhibiting synaptic transmission [6], or by 

hyperpolarizing or depolarizing the cell [7 – 9]; expression of cellular toxins or apoptotic 

genes [10, 11] eliminates defined cells to reveal their role in a circuit or complex tissue. 

Binary expression systems, such as GAL4/UAS [12], LexA/LexAop [13], tTA/TRE [14], 

and the Q-system [15], are designed to direct efficient transgene expression that can be fine-

tuned to suit various experimental needs (reviewed in ref. [16)].

The Q-system is a binary expression system that offers an easy and flexible means to 

manipulate cell and circuit function [15, 17]. The Q-system consists of two core 

components, a “driver” and a “reporter”, and two additional components, a “repressor” and a 

drug that counteracts the repressor (Fig. 1). The driver components of the Q-system are 

transgenes that carry enhancer and promoter sequences specific to the cells of interest 

upstream of a transcription factor, QF. The reporter components are transgenes that carry the 

QF binding sequence, QUAS, upstream of genes coding for fluorescent proteins, toxins, ion 

channels, or other effectors. The repressor components are transgenes that carry the QS 

gene, placed downstream of UAS or another enhancer. Normally the “driver” and the 

“reporter” transgenes are kept in different fly stocks and are brought together by genetic 

crosses in variable combinations as determined by the purpose of a particular experiment.
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The design of the Q-system is similar to GAL4/UAS [12] and LexA/LexAop [13] systems 

(Fig. 1), and because the three systems do not cross-react, they can be used simultaneously 

for sophisticated genetic manipulations. The need for the Q-system came from two major 

limitations of the GAL4/UAS and LexA/LexAop systems. First, the transactivator LexA 

does not have its own repressor [13], thus it is not possible to repress GAL4 and LexA 

independently. Second, GAL80, the repressor of GAL4, cannot control temporal expression 

of transgenes independently of the ambient temperature [18, 19]. The Q-system offers a 

useful alternative to the GAL4/UAS system in experiments where the activity of repressor 

needs to be switched on or off at a certain point in time, but changes in ambient temperature 

need to be avoided, e.g., due to the strong behavioral preference Drosophila have toward 

temperatures around 24 °C [20]. GAL4/UAS and the Q systems can also be utilized to drive 

different reporters in overlapping subsets of cells, when independent temporal control of the 

reporters is required.

The Q-system also enables sophisticated intersectional and double-MARCM (Mosaic 

Analysis with a Repressible Cell Marker) experiments to be performed [15, 21 – 23]. It is 

often required to express transgenes in a small number of cells that have similar function, 

e.g., olfactory projection neurons that target a single glomerulus. There are several thousand 

existing GAL4 lines, but the use of them is often hampered by the fact that, in addition to the 

cells of interest (projection neurons from the previous example), GAL4 is also expressed in 

many other cells (e.g., other types of neurons, often with unknown function). Therefore, 

UAS-geneX effectors will alter the function of both cells in and outside of the target tissue. 

Intersectional approaches between GAL4/UAS and Q systems can “clean up” a line by 

restricting expression of reporters to a subset of cells where both GAL4 and QF are 

expressed [15, 17]. Conventional MARCM allows the expression of a reporter in one of the 

two cells that are produced by a mitotic cell division [21, 23]. Coupled MARCM utilizes 

GAL4/UAS and Q systems [15, 17] together, and allows the expression of two different 

reporters and/or effectors in the two clusters of cells that originated from one mitotic cell 

division. This feature is very useful in the studies of cell proliferation, cell fate, and other 

developmental processes (see also refs. [24 – 26)].

The applications of the Q-system reach beyond Drosophila genetics. Currently (June 2016), 

the Q-system has been successfully used in cultured mammalian cells [15], C. elegans [27] 

and zebrafish [28], and is under development in plants (Arabidopsis) and mosquitoes 

(Anopheles gambiae) (Riabinina et al, in review).

2 Neurospora qa Gene Cluster

The Q-system is based on the qa gene cluster of the bread fungus Neurospora crassa (Fig. 

2a) [15, 29]. The genes of the qa cluster control the metabolism of quinic acid, which allows 

Neurospora to use quinic acid as an alternative carbon source in conditions of low glucose 

[29]. The qa cluster contains seven genes, two of which are regulatory (the transcriptional 

activator qa-1F and its repressor qa-1S), and five are enzymatic or structural. The QA-1F 

protein binds to a specific DNA sequence (5′- GGR TAA RγR γTT ATC C -3′, where R is 

A/G, Y is C/T) present in several copies upstream of the qa genes, initiating their 

transcription [30, 31]. In conditions of low quinic acid, the interaction between QA-1S and 
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QA-1F proteins prevents QA-1F from binding transcriptional machinery required for 

activating the expression of the qa genes [32]. In conditions of high quinic acid, the quinic 

acid binds to QA-1S which disrupts its binding to QA-1F. QA-1F can now associate with the 

transcriptional machinery and activate transcription. Similarly to GAL4, QA-1F has been 

predicted to have a modular structure [31, 33 – 39], consisting of a Zn2/Cys6 zinc finger 

DNA binding domain (DBD), a middle domain (MD), and an acidic activation domain (AD) 

that binds QA-1S or molecular factors that initiate transcription. In contrast to GAL4 and 

QF, LexA consists of a DBD only, and thus needs to be paired with an activation domain 

(the commonly used ones are VP16 [21], p65 [40], GAL4 AD [21]) to initiate transcription. 

As such, LexA also does not have a specific independent suppressor.

3 Components of the Q-System

Regulatory genes qa-1F and qa-1S, together with the qa-1F binding sequence, were cloned 

out of Neurospora, and adapted for use in Drosophila as the Q-system [15]. For simplicity, 

QA-1F, QA-1S, and the qa-1F binding site were renamed to QF, QS, and QUAS, 

respectively. The components of the Q-system are analogous to those of GAL4/UAS and 

LexA/LexAop systems (Fig. 1): QF, GAL4, and LexA are transcription factors (TF) that can 

drive expression of transgenes by binding to their specific activation sequences (QF binds to 

QUAS, GAL4 binds to UAS, and LexA binds to LexAop). QS and GAL80 are repressors of 

TFs that bind to the activation domain of QF or GAL4 respectively and prevent initiation of 

transcription. The activity of the repressor can be silenced by a non-toxic drug, quinic acid, 

in the case of QS, or by temperature, in the case of a temperature-sensitive variant of GAL80 

(Fig. 2b).

In the original version of the Q-system [15], the transactivator QF appeared to be toxic when 

broadly expressed. The cause of this toxicity was unknown. In addition, QF enhancer-trap 

lines were often mis-expressed in the trachea, presumably because a part of the QF DNA 

sequence acted as a cryptic tracheal enhancer in Drosophila. To remove the cryptic enhancer, 

second-generation versions of QF, named QF2 and QF2w, were re-codonized by manually 

choosing codons predicted to have average expression strength in Drosophila [41]. To find 

and eliminate the region of QF most responsible for general toxicity, the structural domains 

of QF (DBD, MD, and AD) were paired with those of GAL4 or LexA. Expression of these 

chimeric transactivators in vivo under the control of the strong neuronal promoter 

synaptobrevin indicated that the QF MD was the major source of lethal toxicity. In addition, 

the QF MD turned out to be dispensable for QF function. Therefore, the QF MD was 

removed from QF to yield QF2 (Fig. 3). Thus, in contrast to the original QF, QF2 has the QF 

DBD fused directly to QF AD. The resulting transactivator retains high-activity levels and is 

repressible by QS, similarly to the original QF [41].

An alternative QF2 has also been generated: QF2w. There is only a slight difference between 

the coding sequences of QF2 and QF2w: the last two amino acids (glutamic acid and 

glutamine) on the C-terminus of QF2 were replaced by four lysines in QF2w (Fig. 3). This 

mutation changed the charge on the C-terminus from negative (E − Q) to positive (K+ K+ K+ 

K+), making QF2w a weaker transcriptional activator than QF2 (see also ref. 42), but also 

better repressible by QS. QF2 thus may be a preferred choice when very high transcriptional 
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activity is required. We note, however, that having QF2 expressed ubiquitously or very 

widely may still compromise the health of fly stocks. A solution could be to have a tubulinP-
QS transgene in the same stock (e.g., Bloomington Stock #51957), or to use the weaker 

QF2w transactivator for wide expression patterns. The fact that QS alleviates effects of QF2 

indicates that the activation domain of QF2 may be sequestering nonspecific targets or the 

transcriptional machinery of a cell. This phenomenon is not unique to the QF2 activation 

domain, as it has been similarly observed that high levels of GAL4, driven by a strong 

promoter, compromise the health of a cell [43].

Expression levels of reporters, driven with QF2 and QF2w, can be fine-tuned in many ways. 

The expression levels can be dramatically increased by using 10, 15, 20, or 40 QUAS 
repeats for effector lines instead of the usual 5 [40, 44]; by including regulatory elements 

such as IVS, Syn21, and WPRE into effector constructs [45]; by creating multimeric 

reporter proteins [44]; by using site-directed φC31 integrase to place QF and QUAS 
transgenes into more highly expressing attP sites [40, 46]; or by using stronger terminator 

sequences such as SV40 or p10 instead of hsp70 in QF and QUAS constructs [45]. No clear 

temperature dependence of QF2/2w efficiency has been observed [41].

The Q-system can be used simultaneously with the GAL4/UAS system. To fully benefit 

from the availability of two repressible binary systems, they must function completely 

independently of each other. It has been verified in the adult brain and in the larval imaginal 

disks that QF fails to activate transcription downstream of UAS, and GAL4 fails to act on 

QUAS [15]. The cross-repression between the two systems is also absent: GAL80 does not 

reduce the activity levels of QF, and QS does not affect GAL4. Expression of GAL4 and 

QF2/QF2w simultaneously in the same cell does not lead to toxicity or downregulation of 

expression [41]. This mutual independence allows, among many other applications, to 

extend the classical MARCM analysis of mitotic clones with Coupled MARCM and Double 

MARCM (see below).

4 Temporal Control of Expression by Quinic Acid

All currently existing versions of transactivators with the QF AD (original QF, QF2, QF2w, 

GAL4QF, and LexAQF (see below)) are well repressed by QS, with the repression of QF2 

by QS possibly more efficient at higher temperatures [41]. The QS-induced repression may 

be removed by feeding the larvae or adult flies food containing quinic acid (QA). QA is a 

naturally occurring non-toxic drug with anti-oxidative properties. It can be dissolved in 

water to concentrations of up to 6 % by weight, and added to the standard solidified fly 

medium by making holes in the food and pipetting the QA solution into them (0.3 ml of 

solution per 10 ml of food). This method works well for larva, but may lead to insufficient 

QA consumption in adult flies. QA consumption may be increased by keeping flies in vials 

with 1 % agarose gel, complemented with 1 % sucrose and 6 % QA [41]. To provide flies 

with a source of protein, the gel may be supplemented with fresh yeast paste made from dry 

yeast and 3 % QA solution, neutralized to pH 7 by NaOH. The effectiveness of QA to 

suppress QS does not appear to be altered when the QA solution is neutralized. Adding into 

the vial a small piece of tissue paper, moistened with the same neutralized QA solution, can 

provide extra moisture if necessary.
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The effect of QA depends on the amount of QA in the food, and on the duration of exposure 

to QA. Larvae are particularly amenable to QA treatment [41]. In the case of adult flies, 

raised on normal fly medium and transferred after eclosion to a QA-containing vial, the 

maximum effect of QA was reached after about 3 days of exposure, although an increase in 

reporter expression may be seen in vivo already after 6 h [15].

The effect of QA can be seen only in cells that have absorbed QA from the environment or 

from fly hemolymph after the fly has fed on QA. For instance in the adult brain, olfactory 

and gustatory receptor neurons, neurons in the optic lobes and PI neurons appear to be most 

accessible to QA [41]. Other brain areas, however, are less affected by QA, presumably due 

to the glial “blood–brain barrier” [47] that prevents diffusion of QA into these cells.

5 Chimeric Transactivators

Chimeric transactivators GAL4QF and LexAQF were initially generated in an attempt to 

uncover the source of QF toxicity. GAL4QF was generated by fusing the GAL4 DBD and 

the GAL4 MD with the weakened QF AD (Fig. 3). LexAQF was generated by fusing the 

LexA DBD with the original QF AD (Fig. 3). Both transactivators drive strong expression in 

vivo of reporters placed under the control of UAS (for GAL4QF) or LexAop (for LexAQF), 

when examined in larval and adult neurons, larval imaginal disks and larval body wall 

muscles [41]. Both chimeric TAs are also suppressible by QS [41]. This feature is 

particularly useful for LexAQF as it allows for the suppression of LexAop reporter 

expression independently of GAL4/GAL80. This will allow for the use of LexAQF in 

MARCM experiments simultaneously with GAL4. GAL4QF also allows for the suppression 

of UAS reporter expression independently from GAL80. This may be used together with 

GAL4 in experiments where temporal control of expression by temperature-sensitive 

GAL80ts is desirable only for some cells of an expression pattern. In addition, the QS-

induced repression of GAL4QF and LexAQF can be relieved by QA in much the same way 

as with QF, QF2, and QF2w [41].

6 Intersectional Expression with the Q-System

GAL4/UAS and Q systems are independent repressible binary expression systems, that, 

together with LexA/LexAop, chimeric transactivators and FLP/FRT [48] or other 

recombinases [49], enable the ability to achieve a variety of expression patterns. These 

modified expression patterns may be viewed as logic gates (Table 1). In the simplest 

possible case, the same effector or two different effectors may be expressed in cells that are 

covered by a GAL4 and a QF driver lines (Fig. 4). This approach has been used in a number 

of studies [50 – 60], e.g., to express different Ca2+ reporters in olfactory projection neurons 

and Kenyon cells of the Mushroom body [58], to express Channelrhodopsin in olfactory 

receptor neurons but a Ca2+ reporter in projection neurons [59, 61], or to label one 

subpopulation of projection neurons with GFP and another one with RFP to visualize their 

overlap [60].

A practical application of the Q-system is to use it to narrow down expression patterns from 

many currently available GAL4 expression lines, such as the Janelia GAL4 enhancer 
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collection [62], the MiMIC collection [63], or the InSITE collection [64]. It may be useful to 

express an effector only in the cells that belong to the overlapping expression patterns of two 

selected enhancer lines, e.g., a Janelia-GAL4 line and an InSITE-QF line. Alternatively, 

neurons of a GAL4 line may be selectively targeted based on their overlap (or lack of 

overlap) with the expression patterns of a neurotransmitter or other gene of interest, e.g., by 

utilizing such reagents as TßH-QF (octopaminergic neurons), Cha-QF2 (cholinergic 

neurons), GAD1-QF2 (GABAergic neurons), or nompC-QF (mechanosensory neurons) 

(Table 2). Limiting expression may be achieved in a variety of ways, conceptualized by 

AND, NOT, and XOR logic operations (Fig. 4, Table 2) [15, 65]. For many operations, an 

FRT-transcriptional stop-FRT cassette is essential. FLPase, when expressed in a cell, will 

permanently remove the transcriptional stop cassette from the cell and all its progeny. The 

optimal strategy depends on the availability of driver, reporter and repressor lines, and also 

on the possible off-target labeling that may arise at early developmental stages. For example, 

the two approaches to the AND intersection could give rise to different final readouts. These 

differences are based on two parameters: (1) which line (GAL4 or QF) drives FLPase 

expression; this can potentially label all cells that developmentally expressed the chosen 

transcription factor up to the timepoint of investigation; (2) which line (GAL4 or QF) drives 

final reporter expression; this potentially labels only those cells normally labeled at the 

chosen timepoint. For instance, the two ways to achieve the AND intersection between 

NP21-GAL4 and GH146-QF lines are shown in Fig. 4. NP21-GAL4 drives expression in 

many cells in the adult brain, including some of the olfactory projection neurons. GH146-QF 
drives expression only in the olfactory projection neurons in the adult. In the first case, 

NP21-GAL4 drives UAS-FLPase expression, while GH146-QF drives GFP expression from 

QUAS-FRT-transcriptional stop-FRT-GFP constructs that have excised their FRT-
transcriptional stop-FRT cassette. The resulting expression pattern includes a subset of 

olfactory projection neurons targeting 5 glomeruli, normally labeled by GH146-QF in the 

adult fly, and also cells of the ellipsoid body, which are not normally labeled by GH146-QF 
in the adult. The labeled projection neurons are ones where NP21-GAL4 had been expressed 

at some point during development (which led to the removal of the FRT-transcriptional stop-
FRT) and now visualized by GH146-QF activity. It is also possible that labeling is visible in 

the adult in cells where GFP had been produced at an earlier developmental stage, i.e., in the 

pupa, but is not produced in the adult. This perdurance of GFP is presumably the reason for 

the labeling in the ellipsoid body neurons. In the other possible AND intersectional 

approach, GH146-QF drives QUAS-FLPase expression, while NP21-GAL4 drives GFP 

expression from UAS-FRT-transcriptional stop-FRT-GFP constructs that have excised their 

FRT-transcriptional stop-FRT cassette. This genotype results in labeling of only olfactory 

projection neurons that target only one glomerulus since these are the only neurons that 

express NP21-GAL4 at the adult stage. Thus, the final readout from an AND intersection 

strongly depends on which line (GAL4 or QF) is used to report developmental versus final 

expression patterns. It is often informative to perform both approaches. In general, it is often 

advantageous to choose the line (GAL4 or QF) that expresses most strongly in the tissue of 

interest at the timepoint of interest for the final readout (visualized by the FRT-stop-FRT 
reporter).
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Table 1 lists Q-system reagents that have been published or otherwise publicized, and will be 

good starting places for intersectional approaches. For example, InSITE [64], MiMIC [63], 

and Trojan-MiMIC [66] collections are useful tools for recapitulating interesting expression 

pattern with various driver constructs.

7 Mosaic Analyses with the Q-System

Genetic mosaics allow for the study of gene function in a small subpopulation of cells, to 

label one or a few cells out of a full expression pattern, or to investigate cells born at defined 

developmental timepoints. The GAL4/UAS system has been extensively used for these 

purposes [21, 23 – 25, 67 – 71]. The Q-system, used together with GAL4/UAS, allows for 

even more advanced mosaic labeling and gene manipulation. We discuss here two 

approaches for mosaic analyses: FLP-mediated removal of an FRT-transcriptional stop-FRT 
cassette [72, 73], and Mosaic Analysis with Repressible Cell Marker (MARCM) [15, 21].

The simplest form of mosaic analysis requires three transgenic components: (1) a driver line 

(e.g., GH146-QF) which drives expression of a reporter; (2) the reporter transgene (e.g., 

QUAS-FRT-stop-FRT-mtdT) where the transcriptional stop cassette (FRT-stop-FRT) can be 

removed by the FLP recombinase; and (3) a ubiquitous heatshock promoter driving FLPase 

expression (hsFLP). The FLP recombinase will be expressed when the flies are placed at 

temperatures above 29 °C. Longer heat shock times, or higher temperatures up to 38 °C, can 

induce more FLPase expression. This is a useful way to regulate the extent of the FRT-stop-
FRT excision. FLP-mediated excision may occur during or shortly after the heatshock 

treatment, resulting in labeling in a random subset of cells where the driver line is 

expressing. By adjusting the duration of the heatshock and the strength of the hsFLP line, it 

is possible to label anywhere from only a few cells to most cells out of the driver line 

expression pattern [48]. In contrast to UAS-FLP/QUAS-FLP discussed above, the effects of 

hsFLP are much more random because the FLPase is expressed only during the heatshock 

treatment. This results in low amount of FLPase in a cell and thus low probability of 

successful DNA targeting. This method is particularly useful to study cell and circuit 

anatomy, and also to drive expression of effectors (e.g.,TrpA1, Channelrhodopsin, 

halorhodopsin, toxins, etc.) with the purpose of examining behavioral phenotypes of 

individual flies and relating them to the affected cells [73].

The Q FLP-out method, described above, may be used together with the analogous GAL4 

FLP-out method, to independently label cells from two different expression patterns.

Temporally refined mosaic analysis is possible using the MARCM technique [21]. This 

technique induces mosaic labeling based on birthdates of the labeled cells. Here the 

transgene expression (e.g., driven by GH146-QF) is suppressed throughout the animal (e.g., 

by ubiquitous QS from tubulinP-QS), but may be relieved in cells that, due to hsFLP -

mediated recombination of homologous chromosomes during mitotic cell division, have lost 

the tubP-QS repressor-coding gene (Fig. 5). By experimentally selecting the developmental 

stage of the animals to be heatshocked, it is possible to reproducibly label specific cells of 

interest born at particular developmental times. In the example shown in Fig. 5a, two of the 

homologous chromosomes carry the FRT sequence at the same genomic position, with one 

Riabinina and Potter Page 7

Methods Mol Biol. Author manuscript; available in PMC 2017 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of the chromosomes carrying the ubiquitous repressor transgene tubP-QS distal to the FRT 
sequence. Ubiquitous expression of QS prevents QF activity in all cells. The same animal 

also carries P1-QF (e.g., GH146-QF), QUAS-GFP, and hsFLP transgenes that can be located 

elsewhere in the genome apart from the chromosome arms distal to the FRT sites. Upon 

37 °C heatshock, the FLP recombinase will be expressed, and can cause mitotic 

recombination at the FRT sites in a random subset of cells born at or shortly after the 

heatshock treatment. Only one of the cells produced from the cell division will be positively 

labeled by the marker (e.g., GFP). All progeny (if any) of the labeled cell will also be 

labeled, resulting in clones of labeled cells (Fig. 5 A1–A4). If mitotic recombination had not 

occurred, the two daughter cells would remain unlabeled.

GAL4 - MARCM [21] may be used simultaneously with Q-MARCM [15] or LexAQF-

MARCM [41]. The two MARCM events will drive two different reporters (e.g., UAS-GFP 
and QUAS-RFP) and, depending on the genomic arrangement of transgenes, can be either 

independent of each other (independent double MARCM for mosaic labeling of overlapping 

or non-overlapping subsets of cells), or they can be coupled to label both progenies of a 

single cell division (coupled MARCM). Independent double MARCM might be utilized to 

simultaneously label (and manipulate) cells not marked by the same GAL4 reporter (e.g., 

glia labeled by GAL4 and neurons labeled by QF; or two different neuronal populations that 

innervate a common target). Independent double MARCM could also be used to label cells 

born at the same developmental timepoint but which are not marked by the same GAL4 line. 

In addition, independent and coupled MARCM enables clones of labeled cells to be 

generated that also carry homozygous mutant alleles of genes of interest. By examining 

morphology, number and distribution of the labeled cells it is possible to study the effects of 

gene mutations on development or anatomy. Coupled MARCM also allows to examine the 

fate of two progenies born in one cell division, which can be used for mapping cell lineages 

and division patterns [15]. Figure 5b provides the schematics of independent double 

MARCM labeling for partially overlapping GAL4 and QF driver lines, driving GFP and 

RFP, respectively. The repressor transgenes GAL80 and QS can be located on different arms 

of two homologous chromosomes (as shown on Fig. 5b) or on non-homologous 

chromosomes. The driver and reporter transgenes must be located on chromosome arms 

non-homologous to those with repressor transgenes. Upon FLP-mediated recombination, 

some GAL4-expressing cells may lose the GAL80 transgene and express GFP (case 1). If a 

heatshock is repeated at a later stage, another FLP-mediated recombination may occur, 

leading to the loss of the QS repressor and expression of both GFP and RFP, thus labeling 

the cells yellow. Simultaneous RFP and GFP expression is possible only in the cells that 

belong to the expression patterns of both the GAL4 and the QF drivers. Interestingly, 

progeny of the unlabeled twin, produced after the first heatshock, may produce RFP-labeled 

cells upon a second heatshock, provided that both GAL4 and QF drivers are active in these 

cells. Subsequent heatshocks will not change the expression profile of the cells that already 

underwent two FLP-mediated recombinations during mitotic cell divisions, but may affect 

the cells that underwent zero or one FLP-recombination prior to the heatshock. Another 

possible option (case 2) is that upon the first heatshock a cell will lose both GAL80 and QS 
repressor genes, thus being labeled yellow. Subsequent heatshocks will not alter the 

expression profile of this cell’s or its twin’s progeny. The last option (case 3) is analogous to 
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case 1, but results in the loss of the QS repressor in QF-expressing cells. The outcome of 

independent double MARCM will be labeling that includes red, green, and yellow cells, 

with yellow being dominant when the expression patterns of the GAL4 and QF lines are 

identical. Some of the cells that underwent FLPase-mediated recombination will remain 

unlabeled. Independent double MARCM thus allows for the investigation of cells born at 

two distinct timepoints. However, due to the random nature of FLPase-mediated 

recombination, the number of cells that undergo two FLP recombination events may be low.

To label both progeny from a single cell division, Q-MARCM and GAL4 -MARCM can be 

coupled by placing repressor transgenes on homologous chromosome arms (Fig. 5c). This 

way, after a FLPase-mediated homologous recombination event, one twin will lose the 

GAL80 repressor but retain QS, while the other will retain GAL80 but lose QS. The first 

twin will start expressing GAL4-driven GFP, and the second twin will start expressing QF-

driven RFP. Subsequent heatshocks will not alter the labeling pattern.

MARCM analysis is not limited to the labeling of cells, but also allows mosaic expression of 

effector transgenes (e.g., RNAi, toxin, Channelrhodopsin, etc.). It can also be used to 

generate positively labeled homozygous mutant cells if a mutant gene allele is located on the 

same homologous FRT chromosome arm as the FRT repressor transgenes [21]. Wildtype 

and mutant cells will be labeled by different markers, and their morphology and number 

may be easily examined [15, 21]. In addition, Q-MARCM and GAL4-MARCM can be 

utilized alongside standard GAL4 and Q-system-mediated transgenic expression. For 

example, Q-MARCM could be used to label single neurons, while GAL4 utilized to express 

RNAi in varying target tissues. This could reveal how genetic disruption of one tissue 

population affects the neuronal targeting of a different population.

8 Future Directions

The Q-system represents a versatile set of genetic tools that can be used in situations in 

which a single binary expression system has proven to be experimentally insufficient. Many 

QF, QUAS, and QS fly stocks are already publicly available from the Bloomington 

Drosophila Stock Center (http://flystocks.bio.indiana.edu/Browse/Qsystem/Qintro.htm). 

Table 1 summarizes all currently published or available Q-system lines. With the recent 

development of QF2, QF2w, GAL4QF, and LexAQF, we expect many more transgenic lines 

to be generated in the near future by our and other labs. As additional creative uses for the 

Q-system are introduced, the utility of the Q-system will extend beyond what is described 

here.

A number of useful modifications could be developed in the future for the Drosophila Q-

system: split-QF for additional inter-sectional expression control; QF2/QF2w enhancer trap 

lines or QF2 expression collections to increase the number of available Q-system expression 

patterns; improved methods to deliver QA across the glia to the neurons to increase QA 

effects on central brain neurons; the development of QS variants with altered affinities for 

QA; and the development of temperature-sensitive QF or QS variants for temporal control of 

Q-system activity.
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A genetic technique allowing GAL4 lines to be easily converted to QF2 lines was reported. 

This work includes many new useful QF2 driver lines. Lin C-C, Potter CJ (2016) Editing 

transgenic DNA components by inducible gene replacement in Drosophila melanogaster. 

Genetics In press.
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Fig. 1. 
Binary expression systems. The GAL4/UAS and the Q-system consist of a transcriptional 

activator (TA, ovals), an effector (rectangles), a suppressor (pentagons), and a suppressor of 

the suppressor (triangles). The LexA/LexAop system consists only of a TA and an effector. 

The three systems function independently of each other, but reporter and suppressor 

activities can be swapped by using Chimeric transactivators (two right columns). GAL4QF 

binds to the UAS effector sequence (of the GAL4/UAS system), and is suppressed by the QS 

suppressor (of the Q-system). Similarly, LexAQF binds to the LexAop effector sequence (of 

the LexA/LexAop system), and is suppressed by QS
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Fig. 2. 
Activation and repression of transcription in the Neurospora qa gene cluster and in the Q-

system. (a) Neurospora qa gene cluster. Top row: The qa gene cluster consists of five 

structural and enzymatic genes (white and green arrows) and two regulatory genes (blue 
arrows). The transactivator QA-1F (light blue sphere) binds to a 16bp sequence (white 
rectangle) upstream of the seven genes. The repressor QA-1S (dark blue cupcake) binds to 

QA-1F in conditions of low quinic acid. Bottom row: In conditions of high quinic acid (QA, 

purple cone), QA binds to QA-1S and prevents the interaction between QA-1F and QA-1S. 

QA-1F can now drive transcription of the genes involved in quinic acid catabolism (green 
arrows and green spheres), the QA-1S repressor, and also self-amplify. (b) The Q-system. 

First row: No expression of a reporter protein X is observed when only a QUAS-X construct 

is present in the genome. Second row: The expression of X is observed (green sphere) when 

a promoter-QF (P-QF) and a QUAS-X transgene are present in the genome. Third row: 

When QF and QS are expressed in the same cell (e.g., by the same promoter P), QS will 

suppress QF, and no reporter will be expressed. Fourth row: Feeding flies with quinic acid 

(QA) relieves QS-induced suppression, and the reporter X is expressed
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Fig. 3. 
Transactivator schematics. Schematic representations of GAL4, original QF, LexA, QF2, 

QF2w, GAL4QF, and LexAQF. The transactivators consist of modular regions: DNA binding 

domain (DBD), middle domain (MD), and activation domain (AD). Vertical hatching 

indicates Zn 2/Cys 6 zinc finger motifs, diagonal hatchings mark dimerization domains. 

Numbers above and below schemes indicate amino acid position. Constructs are drawn to 

scale. C-terminal amino acids are indicated for transactivators with the QF AD to highlight 

differences between the ADs of QF/QF2/LexAQF and QF2w/GAL4QF
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Fig. 4. 
Intersectional labeling. (a) Simultaneous expression of two different reporters in overlapping 

subsets of cells with the GAL4/UAS and the Q-system. In the schematics on the left, the 

genotype of the fly is: P1-GAL4, P2-QF, UAS-GFP, QUAS-RFP. Enhancers P1 (green area) 

and P2 (red area) are active in partially overlapping subsets of cells (yellow area). A1: 

Expression in olfactory receptor neurons (green) and olfactory projection neurons (red) with 

GH146-QF, QUAS-mtdt-3xHA, Orco-GAL4, UAS -mCD8-GFP. A2: Pan-neuronal co-

expression of nuclear β-galactosidase (red) and membrane-bound GFP (green). Genotype: 
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nsyb-QF2w, QUAS-nucLacZ, nsyb-GAL4, UAS-mCD8-GFP. A3: Antennal lobe 

innervation of two partially overlapping projection neuron populations. Genotype: GH146-
QF, QUAS-mdtd-3xHA, acj6-GAL4, UAS-mCD8-GFP. Antennae were removed to 

eliminate Acj6+ olfactory neuron innervations in the antennal lobe. A4: Ubiquitous (purple) 

and neuronal (green) expression in the eye-antennal imaginal disk of a third instar larva. 

Genotype: nsyb-QF2w, QUAS-mCD8-GFP, actin-GAL4QF, UAS-mtdt-3xHA. Brain 

regions (blue) depict anti-nc82 staining in A1 – A3. Schematic and image in (a) and A3 
reprinted with permission from [15]. (b) Limiting expression to cells that express both 

transactivators. Two possible ways to achieve a GAL4 AND QF intersection are 

diagrammed. Genotype of top schematic and B3: NP21-GAL4, GH146-QF, QUAS-FLP, 

UAS-FRT-stop-FRT-GFP. Genotype of bottom schematic and B4: NP21-GAL4, GH146-QF, 

UAS-FLP, QUAS-FRT-stop-FRT-GFP. B1: Expression pattern of NP21-GAL4 line, as 

visualized by the UAS-mCD8-GFP reporter (green). B2: Expression pattern of GH146-QF 
lines as visualized by the QUAS-mCD8-GFP reporter (green). B3 and B4: Expression 

patterns of the AND intersections. The difference between B3 and B4 arises due to the 

developmental timing of FLPase expression. See main text for details. Purple color depicts 

anti-nc82 staining. Schematic and images in (b) reprinted with permission from ref. 15. (c) 

Using one transactivator to limit the expression pattern of the other transactivator: QF NOT 

GAL4 intersectional example. Genotype of the flies: acj6-GAL4, GH146-QF, UAS-QS, 

UAS-GFP, QUAS-RFP (schematic and C3). The acj6-GAL4 line drives the GFP reporter 

and the QS repressor, which silences QF in those cells where GAL4 and QF expression 

patterns overlap. QF is active in the cells where GAL4 is not expressed, resulting in the RFP 

labeling. C1: Expression pattern of GH146-QF, visualized with QUAS-mtdt-3xHA (red). 

C2: Expression pattern of acj6-GAL4, visualized with UAS-mCD8-GFP (green). C3: 

Expression pattern of QF NOT GAL4 intersection. The final expression pattern in red is 

limited to where QF, but not GAL4, is expressed. Blue color depicts anti-nc82 staining. 

Schematic and images in (c) reprinted with permission from ref. 15
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Fig. 5. 
MARCM analysis. (a) Q-MARCM. The genotype of the parental cell is: hsFLP, FRT site 

(homozygous) recombined with tubulin-QS (heterozygous), P1-QF, QUAS-GFP. “*” marks 

the location of a recessive mutation that may be studied in the labeled cells. Upon FLPase-

mediated mitotic recombination, one of the two postmitotic cells will lose the tubulin-QS 
transgene and start expressing GFP (top). The other postmitotic cell will remain unlabeled 

(bottom). A1 and A2: Q-MARCM labeling of a single olfactory projection neuron, 

visualized in the antennal lobe (A1), the mushroom body (MB, A2), and the lateral horn 
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(LH, A2). Genotype: hsFLP, UAS-mCD8-GFP (X); GH146-QF#53, 82BFRT, tub-QS/

82BFRT (III). A3 and A4: Q-MARCM labeled clones in the leg (A3) and wing (A4) 

imaginal disks of a third instar larva. Genotype: hsFLP1, QUAS-mtdT-3xHA (X); ET40-QF 
(II); 82BFRT, tubP-QS/82BFRT (III). Schematic and brain images reprinted with permission 

from ref. 15. (b) Independent double MARCM. The genotype of the parental cell is: hsFLP 
(also present in all progeny cells), P1-QF, P2-GAL4, UAS-GFP, QUAS-RFP, FRT site 

(homozygous) recombined with tubulin-GAL80 (heterozygous), a different FRT site 

(homozygous) recombined with tubulin-QS (heterozygous). “*” and “x” mark independent 

recessive mutations that may be studied in postmitotic cells. There are three possible 

outcomes of a heatshock-induced mitotic recombination at the FRT sites (1 or 2 or 1 + 2). 

The progenitors for each event are schematized with each generating a labeled and an 

unlabeled cell. Upon a second heatshock, mitotic recombination may happen again, altering 

the expression profiles of the progeny. See main text for details. Schematic modified with 

permission from ref. 15. (c) Coupled MARCM. The genotype of the parental cell is: hsFLP 
(also present in all progeny cells), P1-GAL4, P1-QF, UAS-GFP, QUAS-RFP, FRT site 

(homozygous) recombined with tubulin-GAL80 (heterozygous) or with tubulin-QS 
(heterozygous). “*” and “x” mark independent recessive mutations that may be studied in 

postmitotic cells. FLP-mediated recombination during mitosis at the FRT site followed by 

chromosome segregation result in all progeny being labeled either with GFP or with RFP. 

C1: Coupled MARCM clones in the eye-antennal imaginal disk send processes that 

innervate the brain of a third-instar larva. Genotype: hsFLP1, QUAS-mtdT-3xHA, UAS-
mCD8-GFP (X); ET40-QF (II); 82BFRT tubP-QS/tubP-GAL4 82BFRT tubP-GAL80 (III). 

Schematic and image reprinted with permission from ref. 15
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Table 1

Available Q-system reagents

Stock number Q-transgene Purpose/function Reference

Driver lines with original QF

36347 iav-QF Expresses QF in chordotonal organs in the pattern of 
the iav (inactive) gene

[74]

36346, 36349 nompC-QF Expresses QF in chordotonal organs vchA, vchB, 
lch5 and lch1, the class III sensory neurons vdaD, 
v’pda, ldaB, ddaA and ddaF and the dmd1 sensory 
neurons in the pattern of the nompC gene.

[74]

36357 Synj-QF Expresses QF in the nervous system, imaginal disks, 
gut and salivary glands in the pattern of the synj 
(Synaptojanin) gene.

[74]

36365 Tbh-QF Expresses QF in the larval nerve cord in the pattern 
of the Tyramine beta-hydroxylase gene, targets 
octopaminergic neurons.

[75]

52244, 52245 Tdc2-QF Expresses QF under control of Tdc2 (Tyrosine 
decarboxylase 2) regulatory sequences, targets 
tyraminergic neurons.

[76]

52250, 52251, 57359, 
57362

Trh-QF Expresses QF under control of Trh (Tryptophan 
hydroxylase) regulatory sequences.

[76]

36345, 36348 TrpAl-QF Expresses QF in class IV larval sensory neurons in 
the pattern of the TrpAl gene.

[74]

36370 Trpl-QF Expresses QF in Bolwig’s organ and eye imaginal 
disks in the pattern of the trpl gene.

[74]

30014, 30015, 30037, 
30038, 30039

GH146-QF Expresses QF in subsets of projection neurons. [15]

41573 Mz19-QF Expresses QF in olfactory projection neurons. [51]

30016, 30043, 30042, 
30019, 30018

EnhancerTrap-QF Enhancer trap lines generated by random insertion at 
various genomic loci

[15]

30017, 30020 SwappableEnhancer Trap-QF Enhancer trap lines generated by random insertion at 
various genomic loci. These lines allow replacement 
of QF with another gene.

[15]

57361, 57363, 57364 Ddc-FRT-stop-FRT-QF Expresses QF in the pattern of the Ddc (Dopa 
decarboxylase) gene upon FLP-mediated removal of 
a transcriptional stop cassette.

Contributed 
by Tom Hartl 
and Matt Scott

57358, 57365 Trh-FRT-stop-FRT-QF Expresses QF in the pattern of the Trh (Tryptophan 
hydroxylase) gene upon FLP-mediated removal of a 
transcriptional stop cassette.

Contributed 
by Tom Hartl 
and Matt Scott

InSITE-QF Enhancer-trap lines from InSITE collection [64]

IR76b-QF Expresses QF in a subset of neurons in the pattern of 
chemosensory receptor IR76b

[77]

Or67d-QF Expresses QF in a subset of neurons in the pattern of 
olfactory receptor OR67d

[59]

Driver lines with QF2

51957, 51958 αTubulin-QF2 Expresses QF2 ubiquitously under the control of 
αTubulin84B

[41]

51955, 51956, 51959 nsyb-QF2 Expresses QF2 pan-neuronally under the control of 
n-syb.

[41]

60320 Chat-QF2 Trojan-MiMIC line that expresses QF2 in the pattern 
of cholineacetyl transferase, targets cholinergic 
neurons.

[66]
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60315 vGlut-QF2 Trojan-MiMIC line that expresses QF2 in the pattern 
of vesicular glutamate transporter, targets 
glutamatergic neurons

[66]

60323 Gad1-QF2 Trojan-MiMIC line that expresses QF2 in the pattern 
of glutamic acid decarboxylase 1, targets 
GABAergic neurons

[66]

Driver lines with QF2w(eak)

51961 Actin5C-QF2w Expresses QF2w under the control of the Act5C 
promoter.

[41]

51962, 51963 αTubulin-QF2w Expresses QF2w ubiquitously under the control of 
αTubulin84B

[41]

51960, 51964, 51965 nsyb-QF2w Expresses QF2w pan-neuronally under the control of 
n-syb.

[41]

59283 pGMR-QF2w Expresses QF2w under the control of the GMR 
promoter in the eye-antennal imaginal disk.

[41]

Driver lines with GAL4QF

51945, 51946, 51947 nsyb-GAL4QF Expresses the GAL4 DNA-binding domain fused to 
the QF2w activation domain pan-neuronally under 
the control of n-syb.

[41]

59284, 59285 Actin5C-GAL4QF Expresses GAL4QF under the control of the Act5C 
promoter.

[41]

Driver lines with LexAQF

51953, 51954 nsyb-LexAQF Expresses the LexA DNA-binding domain fused to 
the QF activation domain pan-neuronally under the 
control of n-syb.

[41]

62567, 62568 Actin5C-LexAQFw Expresses LexAQFw under the control of the Act5C 
promoter.

[41]

60319 Chat-LexAQF Trojan-MiMIC line that expresses LexAQF in the 
pattern of cholineacetyl transferase, targets 
cholinergic neurons.

[66]

60314 vGlut-LexAQF Trojan-MiMIC line that expresses LexAQF in the 
pattern of vesicular glutamate transporter, targets 
glutamatergic neurons

[66]

60324 Gad1-LexAQF Trojan-MiMIC line that expresses LexAQF in the 
pattern of glutamic acid decarboxylase 1, targets 
GABAergic neurons

[66]

Available by request 
from C. Potter, JHU

αTubulin-FRT-stop-FRT-LexAQF Expresses LexAQF ubiquitously under the control of 
αTubulin84B upon FLP-mediated removal of 
transcriptional stop cassette

QUAS reporter lines

52259, 52260 10xQUAS-Chr2.T159C-HA A variant of Channelrhodopsin, excitatory blue 
light-activated sodium channel, tagged with HA.

[76]

58401, 58402 QUAS-FRT-stop-FRT-ChR2.TR-mCherry A variant of Channelrhodopsin, excitatory blue 
light-activated sodium channel tagged with mCherry, 
that will be expressed upon excision of FRT-stop-
FRT cassette.

[59]

58400 QUAS-ChR2.TR-mCherry A variant of Channelrhodopsin, excitatory blue 
light-activated sodium channel, tagged with 
mCherry.

[59]

36356, 36367 QUAS-CHETA.YFP A variant of Channelrhodopsin, excitatory blue 
light-activated sodium channel, tagged with YFP.

[74]

55106, 55107, 55108, 
55109 55110, 55115, 
55116, 55120

QUAS-X∷CycB Cyclin B, tagged with RFP or Venus YFP, to mark 
cells in S, G2, and M phases of cell cycle. Reagent 
of the Fly-FUCCI system.

[78]
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55106, 55107, 55108, 
55109 55115, 55116, 
55119, 55120

QUAS-X∷E2F1 E2F1, tagged with CFP or GFP, to mark cells in S, 
G2, and M phases of cell cycle. Reagent of the Fly-
FUCCI system.

[78]

30008, 30126, 30127 QUAS-FLP FLP recombinase [15]

52226, 52227 QUAS-R-GECO RGECO calcium reporter [58]

30001, 30002, 30003 QUAS-mCD8:GFP Membrane-bound GFP [15]

52263, 52264 10xQUAS-6XGFP Cytoplasmic hexameric GFP for extra-strong 
labeling.

[44]

36351 QUAS-nSyb:mCherry-HA Cherry- and HA-tagged n-syb protein for labeling 
presynaptic terminals

[74]

36358 QUAS-nSyb:GFP-myc GFP- and myc-tagged n-syb protein for labeling 
presynaptic terminals

[74]

30134, 30135, 30136 QUAS-FRT-stop-FRT-mCD8:GFP GFP, fused to membrane tag CD8, expressed upon 
FLP-mediated removal of transcription stop

[15]

36355, 36366 QUAS-eNpHR Halorhodopsin, inhibitory yellow light-activated 
chloride channel.

[74]

30006, 30007 QUAS-nuclacZ LacZ (beta-galactosidase) for labeling nuclei. [15]

36352, 36353, 36363, 
36364

QUAS-Rab3 Synaptic vesicle membrane-associated protein Rab3, 
tagged with GFP or mCherry.

[74, 76]

52255 10xQUAS-2xHA-Rab3 Synaptic vesicle membrane-associated protein Rab3, 
tagged with HA.

[74, 76]

52269, 52270 10xQUAS-6XmCherry Cytoplasmic hexameric red fluorescent protein 
mCherry for extra-strong labeling.

[44]

30004, 30005, 30037, 
30043 30118

QUAS-mtdTomato-3xHA Membrane-bound red fluorescent protein tdTomato. [15]

30128 QUAS-FRT-stop-FRT-shibirets Temperature-sensitive shibire protein, expressed 
upon FLP-mediated recombination that removes the 
transcriptional stop cassette.

[15]

30010, 30011, 30012, 
30013

QUAS-shibirets Temperature-sensitive shibire protein. Inhibits 
synaptic transmission at 29 °C and above.

[15]

41565, 41566 QUAS-Ten-a Presynaptic teneurin [51]

41571, 41572 QUAS-Ten-m Postsynaptic teneurin [51]

61658, 61811 QUAS-p65AD∷CaM p65 activation domain, fused to Calmodulin. 
Component of activity-dependent labeling system 
TRIC.

[61]

61659, 61660 QUAS-FRT-stop-FRT-p65AD∷CaM p65 activation domain, fused to Calmodulin. 
Expressed upon FLP-mediated recombination that 
removes the transcriptional stop cassette. 
Component of activity-dependent labeling system 
TRIC.

[61]

52230 QUAS-ChIEF-tdTomato A variant of Channelrhodopsin, excitatory blue 
light-activated sodium channel, tagged with 
tdTomato.

Contributed 
by Kaiyu 
Wang

30009 QUAS-dm Diminutive (Drosophila myc). Contributed 
by Christopher 
Potter and 
Liqun Luo

51948, 51949, 51950 QUAS-GAL80 GAL80, repressor of GAL4 Contributed 
by Christopher 
Potter

52231 QUAS-GCaMP3 GCaMP3 calcium reporter for live imaging Contributed 
by Kaiyu 
Wang
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QUAS-spH Synapto-pHluorin, a pH-sensitive mutant of GFP 
that allows to monitor synaptic vesicle release.

[57]

QUAS-Brp-Short-mStraw Bruchpilot-Short protein, fused to mStrawberry, to 
label sites of presynaptic neurotransmitter release.

[52]

QUAS-GFP11 A GRASP version of GFP for labeling synaptic 
connections.

[79]

QS repressor lines

30021, 30022, 30024, 
52112

αTubulin-QS Expresses QS, the repressor of TA’s with QF AD, 
under the control of αTubulin84B promoter

[15]

30033 UAS-QS Expresses QS, the repressor of TA’s with QF AD, 
under the control of UAS

[15]
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Table 2

Intersectional expression

Logic operation Description Transgenes requireda “QF” stands for QF, QF2, or QF2w. “R” stands for Reporter. “>” stands for 
FRT site.

A OR B 1 A-GAL4, B-QF, UAS-R, QUAS-R

2 A-GAL4, B-GAL4QF, UAS-R

3 A-GAL4, B-LexAQF, UAS-R, LexAop-R

4 A-QF, B-GAL4QF, UAS-R, QUAS-R

5 A-QF, B-LexAQF, QUAS-R, LexAop-R

6 A-GAL4QF, B-LexAQF, UAS-R, LexAop-R

B NOT A 1 A-GAL4, B-QF, UAS-QS, QUAS-R

2 A-QF, B-GAL4, QUAS-GAL80, UAS-R

3 A-GAL4, B-LexAQF, UAS-QS, LexAop-R

4 A-LexAQF, B-GAL4, LexAop-GAL80, UAS-R

A AND B 1 A-GAL4, B-QF, UAS-FLP, QUAS>stop>R

2 A-GAL4, B-QF, QUAS-FLP, UAS>stop>R

3 A-GAL4, B-LexAQF, UAS-FLP, LexAop>stop>R

4 A-GAL4, B-LexAQF, LexAop-FLP, UAS>stop>R

5 A-LexAQF, B-QF, QUAS-FLP, LexAop>stop>R

6 A-LexAQF, B-QF, LexAop-FLP, QUAS>stop>R

7 A-GAL4QF, B-QF, UAS-FLP, QUAS>stop>R

8 A-GAL4QF, B-QF, QUAS-FLP, UAS>stop>R

9 tub>GAL80>, A-GAL4, UAS-R, B-FLP

NOT A 1 A-GAL4, tub-QF, UAS-QS, QUAS-R

2 A-QF, tub-GAL4, QUAS-GAL80, UAS-R

3 A-GAL4, act-LexAQF, UAS-QS, LexAop-R

A→B 1 A-GAL4, B-QF, tub>QF>, UAS-FLP, QUAS-R

2 A-QF, B-GAL4, tub>GAL4>, QUAS-FLP, UAS-R

3 A-GAL4, B-LexAQF, tub>LexAQF>, UAS-FLP, LexAop-R

4 A-QF, B-LexAQF, tub>LexAQF>, QUAS-FLP, LexAop-R

5 A-GAL4QF, B-LexAQF, tub>LexAQF>, UAS-FLP, LexAop-R

A XOR B 1 A-GAL4, UAS-R, A-QS, B-QF, QUAS-R, B-GAL80

2 A-GAL4, UAS-R, A-QS, B-GAL4QF, B-GAL80

3 A-GAL4, UAS-R, A-QS, B-LexAQF, LexAop-R, B-GAL80

A NOR B 1 A-GAL4, B-QF, tub>R>, UAS-FLP, QUAS-FLP

2 tub-GAL4, UAS-R, A-QF, QUAS-GAL80, B-LexAQF, LexAop-GAL80

3 tub-GAL4, UAS-R, A-GAL80, B-GAL80
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Logic operation Description Transgenes requireda “QF” stands for QF, QF2, or QF2w. “R” stands for Reporter. “>” stands for 
FRT site.

A NAND B 1 tub>R>GAL4, UAS-R, A-QF, QUAS-FLP, B-LexAQF, LexAop-GAL80

2 tub>R>GAL4, UAS-R, A-FLP, B-GAL80

3 tub-GAL4, UAS-R, A-QF, QUAS-FLP, B-LexAQF, LexAop>stop>GAL80

A XNOR B 1 A-FLP, B-QF, tubP>GAL4>, QUAS>GAL80>GAL4, UAS-R

a
This list is not exhaustive; alternative genetic combinations are possible
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