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Chapter 2

The GAL4 System: A Versatile System for the Manipulation 
and Analysis of Gene Expression

Elizabeth E. Caygill and Andrea H. Brand

Abstract

Since its introduction in 1993, the GAL4 system has become an essential part of the Drosophila geneticist’s 
toolkit. Widely used to drive gene expression in a multitude of cell- and tissue-specific patterns, the system 
has been adapted and extended to form the basis of many modern tools for the manipulation of gene 
expression in Drosophila and other model organisms.

Key words Drosophila, UAS, GAL4, Bipartite system, GAL80, Split GAL4, Clonal analysis, Gene 
expression profiling

1 Introduction

The GAL4 system [1] was developed by Andrea Brand and Norbert 
Perrimon in the Department of Genetics at Harvard Medical School 
in a collaboration that brought together Andrea’s background in 
yeast genetics and molecular biology and Norbert’s expertise in 
Drosophila genetics. Prior to joining the Perrimon lab, Andrea was 
a Post Doctoral Fellow in Mark Ptashne’s lab in the Department of 
Biochemistry at Harvard University. At the time the Ptashne lab 
were studying the yeast transcriptional activator GAL4, and found 
that GAL4 could activate transcription in organisms other than 
yeast [2–5]. Andrea was inspired by a seminar given by Walter 
Gehring who, while visiting the Ptashne lab in 1986, presented his 
lab’s as yet unpublished work on enhancer trapping in Drosophila 
[6]. Gehring described how random integration into the Drosophila 
genome of a P-element containing an enhancerless lacZ gene was 
able to generate multiple lines that expressed β-galactosidase in cell 
type- and tissue-specific patterns. Andrea theorized that substitut-
ing GAL4 for lacZ would provide the ability to drive 
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UAS-dependent gene expression in any cell- or tissue-specific pat-
tern in vivo. Encouraged by Norbert, Andrea moved to the 
Perrimon lab in early 1988 to put theory into practice.

Prior to the development of the GAL4 system [1], ectopic gene 
expression in Drosophila could be achieved in a global transient pulse 
by cloning a coding sequence downstream of a heat shock promoter 
[7], or in a tissue-specific manner using a defined promoter frag-
ment [3–5]. Heat shock promoters provided inducible but ubiqui-
tous expression. Tissue-specific promoters allowed expression to be 
restricted to smaller subsets of cells but were limited to the number 
of defined regulatory regions. Both required creation of a different 
transgenic line for each experimental manipulation. The GAL4 sys-
tem introduced a bipartite approach that allowed the generation of 
independent transgenic lines containing a target gene and its tran-
scriptional activator [1]. A simple cross of these two lines results in 
expression of the target gene in a pattern dictated by the expression 
of GAL4. In the absence of GAL4 the target gene is essentially silent, 
allowing for the tissue-specific gene manipulations that would be 
lethal when less restricted. The ease of hopping a GAL4-containing 
P-element to capture the expression pattern of new uncharacterized 
enhancers resulted in large numbers of GAL4 lines being quickly 
generated. A panoply of fly lines expressing GAL4 in distinct spatial 
and temporal patterns are now available for researchers to use. Every 
driver line can be used to drive expression of an unlimited number 
of target genes allowing for large-scale misexpression [8, 9] and 
knock-down [10, 11] screens. Conversely, each GAL4-responsive 
target gene can be crossed to any number of different GAL4 lines to 
investigate gene function in different tissues or at different times 
during development, or to label cells using GAL4-responsive cell 
markers for cell type- specific identification or lineage tracing.

2 Key Features of the GAL4 System

In yeast, GAL4 regulates the galactose metabolism. Transcriptional 
activation of galactose utilization genes occurs when GAL4 binds to 
the upstream activation sequence (UAS) containing varying num-
bers of a 17-mer repeat [12, 13]. GAL4 binds to DNA as a dimer 
through a Zn(2)-Cys(6) zinc finger [14, 15]. The N-terminal 
region mediates both dimerization [16] and DNA binding [17, 18] 
and contains a nuclear localization signal [19], while an acidic 
C-terminal domain controls transcriptional activation [20]. GAL4 
directly interacts with the Tra1 component of the SAGA complex, 
recruiting Mediator and the general transcriptional machinery to 
initiate transcription [21, 22]. This ability to activate transcription 
is retained when GAL4 is expressed in other species including plants 
[2], human cell lines [3, 4], zebrafish [23], and Drosophila [5].

The GAL4 system is bipartite. A transgenic driver line express-
ing GAL4 in a characterized pattern is crossed to a second 
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transgenic line carrying a UAS-dependent transgene (Fig. 1). The 
progeny of the cross express the transgene wherever GAL4 is 
expressed. Driver lines can be generated by two main methods: the 
cloning of characterized regulatory regions, or the random integra-
tion of GAL4 into the genome to trap unknown enhancers. The 
specific and efficient expression of GAL4 from a known enhancer 
was first demonstrated by the cloning of the Rh2 regulatory region 
into the pGaTB vector upstream of GAL4 and an hsp70 transcrip-
tional terminator [1]. The resulting Rh2-GAL4 was able to drive 
specific expression of a GAL4-responsive marker in the expected 
pattern in the photoreceptor cells of the ocelli. To generate novel 
patterns of GAL4 expression, GAL4 was used to create an enhancer 
detection vector, pGawB. The pGawB vector, adapted from the 
lacZ-based enhancer detection technique [6], contains GAL4 fused 
to the weak P-transposase promoter. Random P-element-based 
integration of GAL4 results in a pattern of GAL4 expression that is 
dictated by the transcriptional activity of the site of integration. 
Mobilization of the vector by the introduction of the constitutively 
active P-transposase gene Δ2–3 generated hundreds of indepen-
dent transgenic lines all expressing GAL4 in different patterns [1].

Since the publication of the GAL4 system, thousands of GAL4 
driver lines have been generated and characterized both from the 
cloning of known enhancers [1] and from large- and small-scale 
enhancer trap screens [24–26]. Two recent projects, The Janelia 

Enhancer GAL4 Gene of Interest
UAS

progeny

Enhancer GAL4 Gene of Interest
UAS

XGAL4 driver line UAS-target gene line

Fig. 1 The Basic GAL4 System. GAL4 driver and UAS-target gene fly lines are generated and maintained as 
separate stocks. In the absence of GAL4 there is no expression of the target gene. Crossing a fly expressing 
GAL4 to a fly carrying a UAS-target genes results in targeted gene expression in the progeny of the cross
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Farm Flylight Project [27–31] and the Vienna Tile (VT) library 
[38], have generated large numbers of new lines expressing GAL4 
under the control of defined DNA elements. Both projects cloned 
genomic fragments into a vector containing GAL4, a Drosophila 
synthetic core promoter [27] of TATA, Initiator (Inr) [32], Motif 
Ten Element (MTE) [33], and Downstream promoter element 
(DPE) [34] sequence motifs, and an attB site to allow for site- 
specific genomic attP/attB integration using phi-C31 integrase 
[35] providing reproducibility and control over the effect of inte-
gration site on construct expression [36]. The VT library at the 
Vienna Drosophila Resource Center (VDRC) contains over 8000 
GAL4 lines expressing GAL4 under the control of ~2 kb genomic 
DNA fragments. The lines have been characterized for expression 
in the brain (http://brainbase.imp.ac.at/bbweb, unpublished) and 
throughout embryogenesis [44]. The Janelia Farm Flylight project 
created 7000 driver lines using overlapping intergenic 3 kb frag-
ments surrounding selected candidate genes. The lines were charac-
terized for expression in embryonic [29], larval [31], and adult 
CNS [28], and larval imaginal disks [30]; many are available from 
the Bloomington Drosophila Stock Center at Indiana University.

GAL4-responsive target gene lines are created by cloning the 
gene of interest downstream of a UAS. The original pUAST con-
tains a tandem array of five optimized GAL4 binding sites, the 
hsp70 basal promoter, and an SV40 transcriptional terminator [1]. 
This vector has been modified by the addition of an attB site down-
stream of the SV40 terminator to allow site-specific genomic inte-
gration [37]. The addition of a 67 bp intron from Drosophila 
Myosin heavy chain (Mhc IVS16) in the 5′UTR and increasing the 
number of UAS sites have both been shown to increase the level of 
GAL4-dependent target gene expression [38]. It is worth noting, 
however, that increasing the strength of reporter expression too 
much can lead to toxicity [38]. Expression in the female germline 
requires a modified vector, UASp, with an alternative P transposase 
minimal promoter and first intron and K10 3′UTR sequences 
[39]. Many Drosophila genes have corresponding UAS lines avail-
able. The Zurich ORFeome Project provides publically available fly 
lines via the FlyORF website for the expression of a large collection 
of ORFs and miRNAs [37, 40, 41].

3 Refining Expression

Experimental design may demand expression in a more limited 
time window or with greater tissue specificity than a GAL4 line of 
choice alone can provide. The basic bipartite system can be modi-
fied in a number of ways to refine expression, producing more 
specific spatial and temporal patterns.
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The activity of GAL4 can be repressed by physical interaction with 
the yeast GAL80 protein [42]. A dimer of GAL80 binds to the 
C-terminal ends of the GAL4 dimer so that, while it can still bind 
to a UAS sequence, it can no longer activate transcription [43]. 
This interaction of GAL4 and GAL80 can be taken advantage of to 
refine the expression pattern of GAL4-dependent transgenes.

Spatial refinement can be achieved by combining distinct GAL4 
and GAL80 expression patterns. Where the expression patterns 
overlap, the activity of GAL4 and thus the expression of the GAL4-
responsive transgene will be inhibited. Lines expressing GAL80 in 
different patterns can be produced in the same way as GAL4 lines, 
either by enhancer trapping [44] or by cloning of known enhancer 
elements. Temporal specificity can be achieved using a temperature-
sensitive allele of GAL80 [1, 45]. The Temporal And Regional 
Gene Expression Targeting (TARGET) system [46] takes advan-
tage of a variant of GAL80 that while ubiquitously expressed under 
control of the tubulin 1α promoter is only active at permissive tem-
peratures. Thought to be the result of a single glycine to arginine 
substitution at amino acid 203 of GAL80, GAL80ts is unable to 
bind GAL4 at restrictive temperatures above 29 °C but retains its 
repressive function at the permissive temperature of 18 °C [47] 
(Fig. 2a). Controlling the activity of GAL80ts through temperature 
shifts provides temporal control of GAL4-dependent transgene 
expression. Limiting expression to defined temporal windows can 
help to define critical periods for the effects of misexpression or 
rescue experiments. Temperature- sensitive alleles of GAL4 itself 
have been generated and tested in Drosophila [48], however the 
ease of combining tubGAL80ts with already established GAL4 driv-
ers cause the TARGET system to be more commonly used.

Temporal activity of GAL4-induced expression can also be regulated 
using hormone-inducible variants of GAL4, GAL4-ER [49] and 
GeneSwitch GAL4 [50]. GAL4-ER is a fusion of GAL4 and the 
ligand-binding domain of the human estrogen receptor that is acti-
vated by estradiol [49]. The GeneSwitch system (Fig. 2b) uses a fusion 
of the DNA binding domain of GAL4, the ligand-binding domain of 
the human progesterone receptor, and a part of the activation domain 
of the human NF-kappa-B subunit p65 [50–52]. GeneSwitch 
responds to the presence of the synthetic steroid mifepristone (RU-
486). The steroid ligands can be delivered in food or by larval bath-
ing. While the on- and off-kinetics of transgene response are slower 
than seen with tubGAL80ts, the systems are highly dose-responsive 
allowing the level of transgene expression to be tightly controlled. 
They also avoid any adverse effects of the elevated temperatures 
required by TARGET. Geneswitch GAL4 enhancer trapping [51] has 
been used to generate over 3000 lines that show nervous system 
expression [53]. Tools for ligand inducible manipulations in other tis-
sues are limited by the choice of GAL4 drivers available.

3.1 GAL80

3.2 Ligand- 
Inducible GAL4
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Enhancer AD

Enhancer DBD

C. Split GAL4:

A. GAL80ts:

GAL80tstubulin P 29oC

18oC

Enhancer GAL4

B. Geneswitch:

Enhancer GAL4-PR
hormone

no hormone

Gene of Interest
UAS

Gene of Interest
UAS

Gene of Interest
UAS

Gene of Interest
UAS

Gene of Interest
UAS

Fig. 2 Modifications to the basic GAL4 system. The GAL4 system can be modified in a number of ways to 
modulate GAL4 expression both spatially and temporally. (a) The presence of a ubiquitously expressed 
temperature- sensitive allele of GAL80 (tubGAL80ts) will result in inhibition of GAL4 activity at the permissive 
temperature of 18 °C. At the restrictive temperature of 29 °C GAL80ts cannot bind GAL4, therefore GAL4 activ-
ity is not inhibited and GAL4-dependent transgenes will be expressed. (b) The GeneSwitch system provides an 
example of ligand- inducible GAL4. Fusion of the GAL4 DNA binding domain to the ligand binding domain of the 
progesterone receptor results in GAL4 activity only in the presence of the drug RU486. (c) The activation 
domain and the DNA binding domain of GAL4 can be expressed separately from Split GAL4 hemi-drivers. 
Where their expression domains overlap dimerization reconstitutes an active GAL4
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A high degree of spatial refinement of GAL4-mediated gene 
expression can be achieved utilizing Split GAL4 (Fig. 2c) [54]. 
The system takes advantage of the modular nature of the GAL4 
protein [17, 20] to create a combinatorial system. The DNA bind-
ing domain and transcriptional activation domains of GAL4 are 
separated and fused independently to heterodimerizing synthetic 
leucine zippers via a polyglycine spacer. The expression of each 
fusion protein is driven by different enhancer elements, creating 
“hemi-drivers”. In cells where both hemi-drivers are expressed, 
transcription of GAL4-dependent target genes is activated [54]. 
The splitting of GAL4 results in lower levels of expression than can 
be obtained with full-length GAL4 [54]. This has been compen-
sated for by the use of alternative activation domain hemi-drivers. 
Both the activation domains from the Herpes Simplex Virus 1 
transcription factor VP16, and the human NF-kappa-B subunit 
p65 drive more strongly than the GAL4 DNA binding domain 
[38, 54]. However, this increase in strength can result in a broad-
ened expression domain, and switching the activation domain sac-
rifices the possibility of use in conjunction with GAL80 and 
GAL80ts, as the GAL80 interaction domain is no longer present. 
Split GAL4 lines can refine expression patterns to very small num-
bers of cells, allowing for example, the manipulation of small 
groups of neurons in behavioral studies. A large collection of Split 
GAL4 p65AD hemi-driver lines have been created focusing on 
neuronal expression patterns [28, 55].

4 Clonal Analysis

Another set of tools that GAL4 has revolutionized are those used 
to make and analyze the effect of gene expression in clones. 
Labeling a cell and its progeny allows the examination of cell lin-
eages, while manipulation of gene expression within a clone can be 
used to answer questions of autonomy and non-autonomy. Both 
approaches require the generation of marked clones of cells.

The Saccharomyces cerevisiae enzyme FLP is a recombinase that 
recognizes 34 bp FLP recombination target sequences (FRTs) and 
catalyses site-specific recombination between them [56], activity 
that is maintained when expressed in Drosophila [57]. This activity 
forms the basis of FLP-out technology where recombinase can be 
used to remove FRT-flanked transcription termination signals sep-
arating a CDS and a promoter [58]. The FLP/FRT system and the 
GAL4 system were combined in constructs in which the Actin5C 
promoter is separated from GAL4 by a FLP-out cassette contain-
ing two transcription termination signals and a 7.7 kb DNA frag-
ment containing the yellow gene and its regulatory elements 
(Fig. 3a) [59]. To generate clones of cells expressing GAL4, flies 

3.3 Split GAL4

4.1 FLP-Out GAL4
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Fig. 3 Clonal analysis. (a) Expression of UAS constructs in clones can be achieved using FLP-out GAL4. Heat 
shock at 37 °C induces expression of a heat shock-inducible FLP recombinase. The recombinase acts on the 
FLP-out cassette catalyzing recombination between direct FRT repeats. Recombination removes the yellow 
marker and the transcription termination signals, allowing the expression of GAL4 under control of the Actin 
promoter. (b) Positively marked mutant clones can be made using MARCM. Heat shock at 37 °C induces expres-
sion of FLP recombinase that catalyzes recombination between FRTs on homologous chromosomes carrying 
either the mutation of interest or a tubGAL80 construct. Segregation of the GAL80 from the mutation into differ-
ent daughter cells relieves repression of a GAL4 inducible marker in the mutant cells, labeling the mutant clone
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carrying the cassette are crossed to flies expressing the FLP 
recombinase under control of the hsp70 heat shock promoter 
[57]. Heat shocking staged progeny of the cross at 37 °C provides 
a temporally controlled pulse of recombinase expression. 
Recombination between the FRTs removes the transcription ter-
mination signals and the yellow gene and allows expression of 
GAL4. The timing and duration of the heat shock dictates the 
number of cells in which the recombination event occurs. The 
event is stably inherited; creating a clone of cells that expresses 
GAL4 and GAL4- dependent UAS transgenes. The combination of 
hsp70 driven FLP and the FLP-out cassette will result in random 
clone induction across all tissues of the heat-shocked animal. To 
restrict clones to a specific tissue a GAL4 driver line can be used to 
drive expression of UAS-FLP in combination with tubGAL80ts to 
restrict the timing of clone induction [60, 61].

Changes to the basic Actin GAL4 FLP-out cassette can modify 
the system to suit different purposes. A new method, CoinFLP [62], 
adds a second choice of FRT to generate mosaic tissues with repro-
ducible ratios of GAL4-expressing and non-expressing cells, allow-
ing the effect of GAL4-dependent gene expression or knock- down 
on the contribution to the mosaic tissue to be assessed. The system 
uses a tissue-specific enhancer to drive FLP recombinase in the pres-
ence of an Actin5C GAL4 FLP-out cassette that contains two differ-
ent pairs of FRTs: canonical FRTs and FRT3. Recombination 
between either pair of FRTs is mutually exclusive and the choice 
between the two events will occur randomly. Recombination 
between the classical FRTs results in excision of a transcriptional 
stop cassette allowing expression of GAL4. When FRT3 recombina-
tion occurs the excision event removes one of the canonical FRT 
sites, the stop cassette remains, and no GAL4 is produced.

The FLP/FRT system can also be used to generate loss-of- function 
clones. In heterozygous mutant tissue, mitotic recombination 
between FRTs on homologous chromosome arms can generate 
clones of cells homozygous for mutations that lie distal to the FRT 
[63]. Mosaic Analysis with a Repressible Cell Marker (MARCM) 
[64] (Fig. 3b) takes advantage of the ability of GAL80 to repress 
GAL4 activity to produce positively labeled clones. Both GAL4 
and GAL80 are expressed ubiquitously from the tubulin 1α pro-
moter. The tubGal80 transgene is placed distal to an FRT in trans 
to the mutation. Recombination results in two populations of 
daughter cells, one that is wildtype and inherits two copies of tub-
GAL80 and one that is homozygous mutant and loses the tub-
GAL80. Loss of GAL80 relieves repression of GAL4 and allows 
expression of a marker in the mutant clone. Originally created to 
visualize neuronal projections using membrane-bound fluorescent 
markers, MARCM is now widely used in all tissue types to posi-
tively label mutant clones.

4.2 MARCM
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While MARCM allows the identification of one of the two 
daughter cells and its progeny generated by a mitotic recombina-
tion event, two techniques, twin-spot MARCM [65] and twin- 
spot generator [66], build on MARCM to allow the visualization 
of both daughter cells and their progeny. Twin-spot MARCM uses 
a CD8-GFP and a CD2-RFP that before recombination are both 
silenced by specific miRNAs. Recombination results in segregation 
of the reporters and their repressors into different daughter cells 
allowing for each reporter to be expressed in one for the two 
daughter cells. Twin-Spot Generator (TSG) is based on the Mosaic 
Analysis with Double Markers (MADM) system used in mice [67]. 
Two reciprocal chimeric sequences of EGFP and mRFP1 do not 
produce functional fluorescent proteins until recombination occurs 
at an FRT site containing intron that separates each half of the 
chimera. TSG does not rely on the loss of a repressor for marker 
expression, an advantage when visualization of the clone soon after 
induction is necessary.

5 Repressing Genes Using GAL4/UAS

GAL4-driven UAS constructs can be used not only to express 
genes of interest, but also to knock-down or knock-out gene func-
tion [1, 68]. Following discoveries that RNAi [69] and CRISPR/
Cas9 [70, 71] technologies are functional in Drosophila [72–74], 
UAS transgenes have been developed to reduce or remove gene 
expression in a tissue-specific manner. This important advance has 
allowed for high-throughput screening of tissue-specific gene 
knock-down [10, 11].

RNAi-based gene knock-down can be achieved by expressing 
inverted repeat (IR) sequences complementary to the gene of 
interest that will be processed by the cellular machinery to produce 
functional siRNAs (Fig. 4a). This approach has been taken by the 
Vienna Drosophila Resource Center (VDRC), where two genera-
tions of lines are available that target 91 % of Drosophila protein 
coding genes. The randomly inserted P-element based GD library 
[75] and the phiC31-based KK library (Keleman et al., unpub-
lished), both express target gene complementary IRs ranging 
between 109 and 415 bp long. A second collection, the Transgenic 
RNAi project (TRiP), focuses on Drosophila orthologs of human 
disease-associated genes. TRiP UAS-IR constructs contain inverted 
repeats separated by the white intron [76] to increase processing 
efficiency. In an effort to limit off-target effects by reducing the 
diversity of siRNAs produced, a second TRiP targeting approach 
was designed based on the structure of microRNAs (miRNAs) 
[77, 78] (Fig. 4b). A 21 nt targeting sequence complementary to 
the gene of interest is cloned into the pre-miR-1 sequence. 

5.1 UAS-IR 
and UAS-shmiR
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A. UAS-IR

B. UAS-shmiR

C. UAS-cas9

Enhancer GAL4

Enhancer GAL4 cas9
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AAAAA

AAAAA
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mRNA degradation

homologous recombination 
or
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Fig. 4 Repressing genes using the GAL4 system. (a) RNAi-based gene knockdown can be achieved by express-
ing inverted repeats complementary to the gene of interest. These repeats will fold into a long double-stranded 
RNA that will be processed to produce multiple siRNAs against the target gene. (b) More specific knockdown 
can be achieved using UAS-shmiR constructs. A single targeting siRNA is cloned into the miR-1 backbone. 
Processing by cellular machinery produces only that siRNA. (c) Tissue-specific gene knock-outs can be 
achieved using a GAL4-dependent version of Cas9 and the CRISPR/Cas9 gene targeting. A ubiquitously 
expressed chimeric gRNA targeting the gene of interest is expressed in conjunction with UAS-cas9 resulting 
in biallelic gene targeting where Cas9 is driven

Processing of these artificial miRNAs, called short hairpin/miRNAs 
(shmiRs), produces only the cloned targeting sequence, increasing 
the specificity of target gene knock-down.

Targeted genome editing has advanced greatly with the introduc-
tion of the Clustered Regularly Interspaced Short Palindromic 
Repeats (CRISPR)/CRISPR-associated (Cas) system from the 
bacterial adaptive immune response [79] which provides a fast and 
efficient method for generating gene knock-outs in a number of 
organisms including Drosophila [70, 71, 73, 74]. Combining the 

5.2 UAS- 
cas9/ CRISPR
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CRISPR/cas9 system with the GAL4 system can result in cell type-
specific gene targeting [80, 81] (Fig. 4c). Guide RNAs (gRNAs) 
targeting the gene of interest are expressed ubiquitously using a 
U6:3 promoter. Expression of the RNA-guided endonuclease 
Cas9 is driven in response to GAL4 from a UAS-cas9 construct. 
Crossing flies carrying these two constructs results in biallelic gene 
targeting [80, 81] creating tissue-specific gene knock-out with the 
spatial and temporal control afforded by the GAL4 system. 
Increased specificity by reduction of potential off- target effects 
could be achieved using a UAS-cas9D10A nickase. A D10A mutation 
in the RuvCI domain removes the ability of Cas9 to cleave the 
strand non-complementary to the guide RNA [82]. However, 
expression with two gRNAs targeting opposite DNA strands flank-
ing the target site can still produce site-specific double- strand 
breaks [83, 84].

6 Cell Type-Specific Gene Expression Profiling with GAL4

Many interesting questions regarding gene expression and its con-
trol of cell fate and cell function require profiling the expression 
patterns of specific cell types. The newly developed Targeted 
DamID technique provides a way to use the cell-type specificity of 
GAL4 driver lines to profile gene expression in vivo without the 
need for cell isolation [85].

DNA adenine methyl-transferase identification (DamID) [86, 87] 
maps the binding of proteins to DNA or chromatin. Expression of 
a fusion protein of the Escherichia coli DNA adenine methyl- 
transferase (Dam) to a protein of interest results in methylation of 
the associated genomic DNA that can be isolated by methylation- 
sensitive restriction enzyme digest and subsequent amplification. 
The toxicity of expressing high levels of Dam has previously pre-
vented it from being combined with the GAL4 system [85]. 
Targeted DamID uses ribosome re-initiation to create GAL4- 
inducible Dam constructs. Eukaryotic ribosomes are able to reini-
tiate translation of a secondary ORF in bicistronic messages at a 
low frequency that depends on the size of the primary ORF [88]. 
GAL4-inducible Dam constructs express Dam fusion proteins as a 
secondary ORF following a fluorescent marker allowing Dam 
fusion proteins to be expressed using a GAL4 driver, introducing 
both cell type specificity and temporal control to the system. 
Targeted DamID can be used to map the interactions of any DNA- 
or chromatin-associated protein in a cell type-specific manner, in 
vivo, without the need for cell isolation, crosslinking, or antibod-
ies. The presence of RNA polymerase II (PolII) across a gene body 
is indicative of transcription of that gene. A Dam-PolII fusion can 
therefore be used to map the occupancy of PolII, providing a 

6.1 Targeted DamID
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method of profiling gene expression in any subset of cells that have 
a corresponding GAL4 driver (Fig. 5). This technique has been 
successfully used to determine the transcriptional profiles of neural 
stem cells populations in the Drosophila larval brain [85].

UAS-Dam-POLII UAS-Dam (control)

Extract genomic DNA

Digest methylated DNA

Ligate adaptors and 
amplify methylated DNA

Hybridise to arrays 
or deep sequence

A.

B.

Enhancer GAL4

Cell type-specific expression of GAL4 Low level translation reinitiation of secondary ORF

Cell type-specific GAL4
x

1kb

Primary ORF

Dam-fusion protein
STOP Secondary ORF

Fluorescent Marker

Fig. 5 Transcriptional profiling using Targeted DamID. (a) Targeted DamID allows the GAL4-dependent expres-
sion of Dam fusion proteins using bicistronic constructs. The fusion protein is a secondary ORF and is trans-
lated at very low levels after rare ribosome reinitiation. (b) Cell type-specific transcriptional profiling can be 
achieved using a GAL4 driver to express a Dam-PolII fusion protein
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7 Further GAL4-Based Tools

The GAL4 system has formed the basis of a variety of innovative 
techniques designed to address specific questions in Drosophila research.

Many experiments require an analysis of the phases of the cell cycle. 
Fluorescent Ubiquitination-based Cell Cycle Indicator (FUCCI) 
was created to visualize the cell cycle phases in mammalian systems 
[89] and zebrafish [90]. Recently, a Drosophila-specific FUCCI 
system (Fly-FUCCI) has been developed [91]. The system relies on 
GAL4-dependent expression of a pair of fluorescent markers, EGFP 
and mRFP1, or CFP and Venus, tagged with different cell cycle-
dependent degradation signals. G2, M, and G1 phases are marked 
by fluorophores tagged with the dE2F1 PIP-box that mediates 
degradation by the S phase ubiquitin ligase CRL4Cdt2. Similarly, S, 
G2, and M phases are marked by fluorophores tagged with the 
D-box of Cyclin B that mediates degradation by APC/C. Expression 
of these constructs with a GAL4 driver allows live visualization of 
the cell cycle dynamics of the tissue of interest.

The labeling of single or small groups of cells or lineages via clonal 
analysis has provided critical anatomical information about neuro-
nal projection patterns. To individually label and investigate the 
architecture of multiple neurons in relation to one another, research-
ers have turned to Brainbow technology [92], reviewed recently 
here [93]. This technology has been adapted for the fly in two itera-
tions, dBrainbow [94] and Flybow [95]. Both use GAL4- dependent 
expression of constructs containing multiple flurophores separated 
by loxP sites in the case of dBrainbow, or the FRT variant mFRT71 in 
the case of Flybow. Heat shock-induced expression of either Cre 
recombinase or a modified FLP recombinase catalyzes stochastic 
recombination events that result in the expression of a single fluo-
rophore or a combination of fluorophores in each cell. The choice 
is stably inherited by the progeny of that cell, allowing lineages to 
be mapped. The fluorescent markers used in dBrainbow are cyto-
plasmic, while Flybow uses membrane tagged markers, giving it the 
advantage for studying fine neuronal architecture.

Often the ability to draw accurate conclusions from an experiment 
utilizing a GAL4 driver relies on accurately knowing where and 
when the driver is expressed. This is made possible with the GAL4 
Technique for Real-time And Clonal Expression (G-TRACE) 
[96]. G-TRACE allows visualization of both real-time and histori-
cal expression from a GAL4 driver line. Real-time expression is 
reported via the GAL4-dependent expression of the fluorescent 
marker UAS-RFP. Historical expression is revealed by the activity 
of FLP recombinase, expressed in a GAL4-dependent manner. The 
recombinase recognizes FRT sequences flanking a transcriptional 

7.1 Fly-FUCCI

7.2 dBrainbow/
Flybow

7.3 G-TRACE
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termination signal that separates a Ubiquitin-p63E promoter fragment 
from EGFP. Removal of the termination signal allows EGFP 
expression, and once initiated the expression is independent of 
GAL4. G-TRACE can provide important information about the 
expression driven by a GAL4 driver line that can be crucial to the 
interpretation of experimental results.

The ability to swap the effector molecule driven in a given expression 
pattern, for example converting a GAL4 driver line into one that 
expresses GAL80 or a Split GAL4 hemi-driver, can be of great use 
when designing experiments. The Integrase Swappable In vivo 
Targeting Element (InSITE) system [97] uses a combination of Cre 
and FLP recombinase and ΦC31 integrase to perform recombinase- 
mediated cassette exchange (RMCE), swapping the GAL4 in InSITE 
enhancer trap and promoter fusion lines for any desired effector mol-
ecule or reporter gene. The swap requires the presence of attP and 
loxP sites flanking the element to be replaced and attB, loxP, and 
flanking FRTs in the donor element limiting its compatibility with 
many existing GAL4 lines. However, once compatible lines are cre-
ated recombination can be stimulated by microinjection of the donor 
elements or a simple genetic cross. Transgenic lines carrying the 
donor cassettes are available from the Bloomington Stock Center.

8 The Future of GAL4

The GAL4 system has become the workhorse of Drosophila genetics 
and molecular biology. The number of characterized GAL4 driver 
lines continues to grow providing an ever-increasing number of spe-
cific patterns of expression. The ability to label cells, express or knock-
down genes of interest, make targeted mutations, and analyze 
genome-wide protein-DNA interactions allows researchers to ask 
highly specific questions in vivo. The success of the GAL4 system has 
inspired the generation of other binary expression systems, for exam-
ple LexA/lexAop [98] and the Q system [99], that can be used inde-
pendently or in combination with GAL4/UAS gene expression.

The value of the GAL4 system to Drosophila researchers has 
encouraged the transfer of the system to a variety of organisms rang-
ing from plants to Xenopus [104, 105]. Enhancer trap screens have 
generated numerous GAL4 lines in Arabidopsis (J. Haseloff, unpub-
lished), rice [100], zebrafish [101, 102], and mosquito [103].
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