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Sadhna Sahani2, Claudia S. Barros4 and Adam Claridge-Chang1,2,5*

Abstract

The analysis of behavior requires that the underlying neuronal circuits are identified and genetically isolated. In several
major model species—most notably Drosophila—neurogeneticists identify and isolate neural circuits with a binary
heterologous expression-control system: Gal4–UASG. One limitation of Gal4–UASG is that expression patterns
are often too broad to map circuits precisely. To help refine the range of Gal4 lines, we developed an intersectional
genetic AND operator. Interoperable with Gal4, the new system’s key component is a fusion protein in which the
DNA-binding domain of Gal4 has been replaced with a zinc finger domain with a different DNA-binding specificity.
In combination with its cognate binding site (UASZ) the zinc-finger-replaced Gal4 (‘Zal1’) was functional as a standalone
transcription factor. Zal1 transgenes also refined Gal4 expression ranges when combined with UASGZ, a hybrid upstream
activation sequence. In this way, combining Gal4 and Zal1 drivers captured restricted cell sets compared with single
drivers and improved genetic fidelity. This intersectional genetic AND operation presumably derives from the
action of a heterodimeric transcription factor: Gal4-Zal1. Configurations of Zal1–UASZ and Zal1-Gal4-UASGZ are
versatile tools for defining, refining, and manipulating targeted neural expression patterns with precision.

Introduction
For the analysis of neural circuits and behavior, neuro-
scientists use transgenic techniques to isolate neuronal
groups with precision. Neurogeneticists working with
the vinegar fly Drosophila melanogaster have developed
a sophisticated, versatile toolkit that includes a founda-
tional transcriptional system for mapping and manipu-
lating neural circuits: Gal4–UASG [5]. This system
typically uses two fusion transgenes: endogenous fly enhan-
cer sequences are placed upstream of the yeast transcrip-
tion factor Gal4; effector transgenes are fused to Gal4’s
upstream activation sequence (UASG). This arrangement
places the effector under the in trans transcriptional control
of the enhancer [5]. The Gal4–UASG method has been
used for cell-specific genetic rescue, gene overexpression,
reporter expression, RNA-interference screens, optogenetic
physiology, and many other applications [3, 18]. While this

tool is vitally useful, one challenge to dissecting neuron–be-
havior relationships has been that Gal4-linked enhancers
often capture more cells than are functionally relevant. To
improve the precision of transgene expression, neural cir-
cuit analysis uses a variety of molecular strategies to produc
AND and NOT genetic logic, producing expression
refinements by intersection. Intersectional methods use ei-
ther a repressor of Gal4, a targeted recombinase system, a
leucine-zipped split-Gal4, or a combination. The native
Gal4 repressor, Gal80, is used as a genetic NOT operator to
exclude expression from a subset of cells captured by a
driver [25]. The flippase (Flp) recombinase specifically ex-
cises genomic sequences flanked by flippase recognition
target (FRT) sites. In the Flp-out method, Flp is transiently
expressed under the control of a heat shock promoter to
both generate AND and NOT operations [26]. Stochastic
single-cell specificity can be achieved with the ‘mosaic ana-
lysis with repressible cell marker’ (MARCM) technique
[16]. Flp-FRT is also used in the ‘Flippase-induced
intersectional Gal80/Gal4 repression’ (FINGR) inter-
sectional method [4], wherein stable, elevated levels
of Flp are expressed from an enhancer to add or re-
move Gal80 expression from a subset of Gal4 driver
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