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SUMMARY

Binary gene regulatory tools such as the Tetracycline (Tet)-controlled transcription system have revo-
lutionized genetic research in multiple organisms, but their applications to the worm remain very
limited. Here we report that the canonical Tet system is largely inactive in the worm but can be adapt-
ed for the worm by introducing multiple modifications, a crucial one being the use of the transcription
activation domain from the fungal Q binary system. The resultant Tet/Q hybrid system proves more
robust and flexible than either of its precursors, enabling elaborate modes of transgene manipulation
previously hard to achieve in the worm, including inducible intersectional regulation and, in combina-
tion with the Q system, independent control of distinct transgenes within the same cells. Furthermore,
we demonstrated, as an example of its applications, that the hybrid system can tightly and efficiently
control Cre expression. This study establishes Tet/Q as a premier binary system for worm genetic
research.

INTRODUCTION

Genetic tools for controlling transcription of engineered transgenes have revolutionized biomedical
research and biotechnology. Among such tools, one of the most powerful is the Tetracycline (Tet) regu-
latory system, which allows efficient, graded, reversible, and spatiotemporal transcription regulation by
Tet (Berens and Hillen, 2003; Schonig et al., 2010) (Figure 1A). The strength of the Tet system rests partly
on the fact that its two prokaryotic components, the Tet repressor (TetR) and the tet operator (tetO),
interact with exquisite specificity and prove ideally suited for functioning in eukaryotes. Furthermore,
the two eukaryotic components of the Tet system, the VP16 activation domain and the CMV minimal pro-
moter (Figure 1A), are also highly effective. Finally, tetracyclines and their analog Doxycycline (Dox) can
readily permeate tissues and are well tolerated, and their pharmacology has been thoroughly analyzed
because of their medical importance. The Tet system was originally developed (Gossen and Bujard,
1992) and subsequently used extensively for transgene regulation in mammalian cells and mice, with
over 500 transgenic rodent lines already made by 2013 (Gossen and Bujard, 2002; Schonig et al., 2010;
Schénig et al., 2013). It is also applicable to diverse lower organisms including Drosophila (Stebbins
et al.,, 2001, McGuire et al., 2004; Ford et al., 2007), zebrafish (Knopf et al., 2010; Gu et al., 2013; Ma
et al., 2017), Xenopus (Ridgway et al., 2000), chicken (Sato et al., 2002), and plant (Weinmann et al.,
1994; Dutt et al., 2014). However, applications to the nematode C. elegans, a crucial model organism,
are conspicuously absent.

Several alternative methods have been developed for controlling transcription in the worm. The simplest is
to use tissue-specific promoters to effect spatial regulation, but temporal regulation is not feasible and
neither is the expression level tunable. The same limitations apply to the second strategy, which uses a
VP16-derived activation domain fused to GAL4 DNA-binding domain to control transgene expression
(Wang et al., 2017). In the third strategy, heat shock is used to induce a transgene, but only transiently,
as prolonged heating is lethal and even transient heating can potentially complicate the analysis. Further-
more, this method cannot achieve spatial regulation unless the experiment is done in the mutant defective
in heat shock response everywhere except the cells of interest, but such a defect might have unintended
consequences (Bacaj and Shaham, 2007). In the fourth strategy, a transcription termination cassette is
placed upstream of the target gene; the cassette is removable and hence the target gene inducible
upon the expression of site-specific recombinase such as Flp, which enables spatial regulation if the target
transgene and/or recombinase are expressed from tissue-specific promoters. Furthermore, temporal con-
trol can be superimposed on the spatial regulation by expressing the recombinase from a heat-shocked
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Figure 1. Three Binary Gene Regulatory Systems, Each Containing an Activator and a Responder

(A) The canonical Tet system (Schonig et al., 2010). The activator consists of the VP16 activation domain fused to bacterial
Tet repressor (TetR, not shown) or its derivative reverse TetR (rTetR), which recognizes the tet operator (tetO) in the
absence and presence of tetracycline (Tet), respectively. The Tetracycline Response Element (TRE) comprises seven
tandem repeats of tetO upstream of a cmv minimal promoter. rtTA, reverse tet-regulated Transcription Activator.

(B) The Q system in the worm (Wei et al., 2012). The activator (QF) contains a DNA-binding domain (aa1-183 [Riabinina
et al., 2015]) that recognizes its cognate site QUAS in the QF responsive promoter, the latter also carrying 4pes-10, the
minimal promoter from the worm gene pes-10. The QF activation domain (QFAD, aaé50-816 [Riabinina et al., 2015]) can
be inhibited by QS, and the effect is relievable by quinic acid (QA). The mechanism of QS inhibition is unknown (question
mark), although a direct physical interaction is depicted. QF also carries a large “middle domain” (aa184-649) dispensable
for activation (not shown) (Riabinina et al., 2015).

(C and D) Tet/Q hybrid system, which comprises three components: a modified TRE bearing the minimal promoter
Apes-10, a modified rtTA called tTA(Q) bearing QFAD, and a tet-regulated transcription silencer (tTS) consisting of TetR
fused to the PIE-1 repressor domain. tTS and rtTA(Q) are co-expressed but omitted for clarity from Figures 1C and 1D,
respectively.

promoter (Davis et al., 2008; Voutev and Hubbard, 2008), but transgene induction in this scenario is irrevers-
ible and non-tunable and its pattern confounded by the developmental history of the promoters that direct
recombinase expression. The final strategy for transgene regulation in the worm is based on the Q system
(Figure 1B), an elegant repressible binary expression system derived from the fungus Neurospora crassa
(Riabinina and Potter, 2016). Like the Tet system, the Q system comprises the transactivator (called QF)
and the responder (effector) that bears the transactivator-binding sites (called QUAS), but the system is
unique in that QF is suppressible by its repressor QS, which can be relieved by quinic acid (QA), a non-toxic
small molecule. Thus, QA can “induce” (actually de-repress) target genes in cells expressing both QF and
QS, enabling spatial and temporal regulation (Wei et al., 2012). The Q system has also been applied to hu-
man cells, Drosophila (Potter et al., 2010), zebrafish (Subedi et al., 2014), and mosquito (Riabinina et al.,
2016). However, compared with the Tet system, the Q system is used much less widely and its properties
have been characterized much less extensively.
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Figure 2. Development of the Tet/Q System

(A) Comparison of activation domains. Transgenic larvae carrying Ex-arrays comprising the driver and responder plasmids
depicted at the top were exposed to Dox and imaged under stereomicroscope (see Transparent Methods). GFP
expression mediated by VP64 or VPR became visible only after digital overexposure (bottom right).

226 iScience 11, 224-237, January 25, 2019



iIScience Cell

Figure 2. Continued

(B) Robust GFP induction achieved using the Tet/Q system. (Left) Worms were imaged using upright microscope. The
bright red fluorescence at the anterior is from the co-injection marker DsRed. The square at the bottom demarcates the
area where fluorescence was quantified. Asterisks denote GFP expression without concomitant detectable mCherry
signals at the first pharyngeal bulb and tail tip. These regions also tended to ectopically express GFP when rtTA(Q) was
expressed from certain tissue-specific promoters (Figure 2F). However, worms carrying only the TRE-GFP transgene never
express GFP at these regions (or anywhere else, for that matter). Thus, TRE seems hypersensitized at the pharyngeal bulb
and tail tip, enabling GFP induction by rtTA even when its levels were below the detection limit. (Right) GFP vs. mKate
expression on the demarcated area are plotted relative to the maximal signals (set as 1). Each dot represents a worm. Of
note, in some worms, the mKate signal was enhanced following Dox stimulation, presumably reflecting unintended
super-activation of Prpl-28 by rtTA(Q) bound to nearby TRE in the Ex-arrays.

(C-E) Kinetics and dose dependency of GFP induction. (C) L2-L3 larvae were transferred to plates containing increasing
concentrations of Dox and imaged under stereomicroscope at various times thereafter. Three worms per Dox
concentration were analyzed, with highly consistent results. (D) GFP intensity in the worm shown in Figure 2C was
quantified and plotted as a function of time (left), where the numbers inside the plot denote Dox concentrations (ng/pL).
The last time point for imaging was 15 hr after the initiation of Dox exposure, except that the worms exposed to the
highest concentration of Dox (1 ng/uL) were additionally imaged at 48 hr. The data from the latter group of worms are
employed to calculate Ty, of GFP induction through non-linear curve fit (right). (E) Similar to D, but the experiments were
done independently, using older worms (L4 larvae and Day 2 adults) and 1 ng/uL Dox. The dotted lines are fitted curves.
Error bars in D and E, SEM.

(F) Same as Figure 2B, except that the ubiquitous Prpl-28 was replaced with various tissue-specific promoters and the
worms were imaged under confocal microscope. The white and red arrows denote PVD neuron and ectopic expression in
gut-like tissues in the tail region, respectively.

Here we describe a set of tools based on the Tet and Q systems that collectively enable highly efficient and
versatile transgene regulation in the worm. At the heart of these innovations is a Tet/Q hybrid system that
combines the strengths of the two systems (Figures 1C and 1D, see further).

RESULTS
Adaption of the Tet System for the Worm

Our preliminary data indicate that the canonical Tet system is largely inactive in the worm. As shown in
Figure 1A, in addition to the bacteria-derived rTetR protein and its DNA-binding sites (TetO), the Tet system
contains two components derived from human viruses: the VP16 activation domain and the CMV minimal
promoter. As both have evolved to interact with the human transcription machinery, they might function poorly
in the worm. We first replaced the CMV minimal promoter in the Tet system with dpes-10, the minimal promoter
from the worm gene pes-10 shown to be active in the worm (Wei et al., 2012). To evaluate the Tet system in
diverse tissues, the modified responder (effector) was co-injected into the worm with a driver expressing
rTetR-VP16 (itTA) under the control of the broadly active rpl-28 promoter (Prpl-28).

We found that the modified Tet system remained inefficient even when we replaced the VP16 activation
domain in rtTA with VP64, the tetramerized minimal VP16 activation domain (Beerli et al., 1998) or VPR,
the super-strong, tripartite activation domain comprising VP16 and two other mammalian activator do-
mains (Chavez et al., 2015) (Figure 2A). In sharp contrast, robust GFP induction was seen when the VP16
activation domain was replaced with QFAD, the activation domain from the fungal transcription factor
QF (Riabinina et al., 2015); the resulting rTetR-QFAD fusion protein will be termed rtTA(Q) hereafter
(Figures 1C and 2A). Unfortunately, GFP expression was leaky. In this experiment, the driver and
responder were co-injected and consequently co-exist on the same extrachromosomal arrays (Ex-arrays),
which might cause the Prpl-28 in the driver to inadvertently activate the responder via physical prox-
imity. Alternatively, or additionally, the leakiness might reflect residual Dox-independent binding of
rtTA(Q) to the Tetracycline Response Element (TRE), with the effect amplified by the highly potent
QFAD and pes-10 minimal promoter. In any case, the leakiness may be minimized (but induction is
not compromised) using tet-regulated Transcription Silencer (tTS) comprising a repressor domain fused
to TetR, which binds tetO only in the absence of Dox (Zhu et al., 2001). After testing several repressor
domains, including the potent mammalian KRAB repressor domain, we found the most effective one to
be that from PIE-1, a worm protein that blocks transcription by inhibiting Pol Il carboxyl-terminal domain
phosphorylation (Ghosh and Seydoux, 2008) (Figures 1D and S1A). This optimized binary system, which
contains elements from both the Tet and the Q systems, is termed "“Tet/Q hybrid system” (Figures 1C
and 1D).
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We next characterized the hybrid system in detail. Following 12 hr of Dox exposure (1 ng/uL), GFP was
effectively induced throughout the body, although GFP intensities were rather punctate instead of uniform
across various regions (Figure 2B, left, GFP). As rtTA expression level can dictate TRE activity (Katigbak
etal., 2018; McJunkin et al., 2011), the variation in GFP expression might be caused by variable rtTA expres-
sion and thus reflected the property of Prpl-28 rather than an inherent limitation of the hybrid system. This
seems the case, because the GFP signals in general coincided with the mKate signals marking rtTA expres-
sion (Figure 2B, left, Overlay), with exceptions sometimes observed at the first pharyngeal bulb and tail tip
(asterisks, Figure 2B). Averaged GFP intensities on individual worms are also well correlated with their
respective mKate intensities (Figure 2B, scatterplot at the right).

We then examined the dose dependence of GFP induction kinetics and level in L2-3 larvae (Figure 2C). At
the highest Dox concentrations (0.5-1 ng/uL), GFP became visible after a mere 2-hr treatment, whereas the
kinetics was slower at lower doses. Besides, GFP fluorescence increased as a function of Dox concentration
between 0.001 and 0.01 ng/pL, beyond which it plateaued. As expected, GFP was undetectable in the
absence of Dox. The kinetics and extent of induction were reproducible (Figure 2D, left), with the Ty, of
GFP induction by 1 ng/uL Dox being é hrin the L2/3 larvae (Figure 2D, right). GFP induction became slower
in older worms, with the Ty, decreased to 9 and 13 hr for L4 larvae and Day 2 adults, respectively
(Figure 2E).

Finally, to create reagents useful to the worm researchers, we constructed a set of driver plasmids using
7 popular tissue-specific promoters (McGhee and Krause, 1997) that are active in the hypodermis (Pdpy7
[Gilleard et al., 1997]), gut (Pges-1) (Aamodt et al., 1991), muscle (Punc-54) (MaclLeod et al., 1981), pan-neu-
rons (Prgef-1) (Chen et al., 2011, p. 1), A-type motor neurons (Punc-4) (Miller and Niemeyer, 1995), PVD neu-
rons (ser-2°P°™3) (Tsalik et al., 2003), and neurons in retrovesicular ganglion and the ventral cord (Pmig-13)
(Sym et al., 1999), respectively. We confirmed that GFP expression patterns were in general agreement with
the known promoter specificities. The GFP expression patterns among different worms in the same trans-
geniclines were comparable, although often not identical in terms of the exact sets of cells expressing GFP
and/or the intensities of GFP signal within a particular cell (Figure S1B; see also Figure S3B). This variability
resulted at least in part from the variability in rtTA(Q) expression driven by the tissue-specific promoters
(Figure S1C), thus reflecting the properties of these promoters just as in the case of the variability in the
GFP expression pattern controlled by Prpl-28-driven rtTA(Q) (Figure 2B). Of note, for Prgef-1 and
Pmig-13, ectopic induction was frequently observed within some gut-like structure in the tail region (arrows
in Figure 2F), even though these regions at best weakly expressed rtTA(Q) (Figure S1C). Finally, leaky
expression was undetectable except for ectopic weak signals in the tail region in a small fraction of the
Pmig-13 transgenic worms, suggesting that in the tail region, Pmig-13 could overwhelm tTS to activate
the adjacent TRE located on the same Ex-array (data not shown).

We conclude that the Tet/Q hybrid system enables fast, robust, dose-dependent, and tissue-specific trans-
gene induction in the worm, with negligible leaky expression.

Inducible Intersectional Techniques: Restricting Spatial Expression while Allowing Temporal
Regulation

Promoters exclusively active in a particular cell population are often unavailable, as most promoters are ex-
pressed in multiple cell types. This is especially true for the nervous system because of its complexity and
heterogeneity, which has constituted a bottleneck in deciphering neural circuits and behavior (Luo et al.,
2008). An important strategy to gain genetic access to subsets of cells is to use intersectional methods,
where two distinct promoters with overlapping expression patterns act combinatorially to restrict trans-
gene expression via creation of logic gates (Zhang et al., 2004; Venken et al., 2011; Luo, 2015). Specifically,
if promoter A is active in cell types X and Y and promoter B in Y and Z, then one may create an “AND" logic
gate (if Aand B, then C) for expression only in Y, or a “NOT" logic gate (If A but not B, then C) for expression
only in X or Z (Figure 3A).

Our strategies for intersectional regulation are outlined in Figures 3B and 3C, which are similar to the stra-
tegies used to create logic gates based on the GAL4 and Q systems (Luan et al., 2006; Wei et al., 2012)
(Wang et al., 2018). Thus, to create the AND gate, we split rtTA(Q) into the DNA-binding and transcrip-
tion-activation domains (rTetR and QFAD, respectively) and fuse them to complementary leucine zippers.
The two halves are then expressed from Promoters A and B, respectively, which should activate target
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Figure 3. Inducible Intersectional Regulation

(A-C) Experimental design. Hypothetical Promoters A and B with overlapping specificities (A) are used to direct the
expression of individual components of the logic gates (B-C, top). The actual promoters used in this study and their
respective relevant target cell types are listed at the bottom in Figures 3B and 3C. Note that, with this system, the
expression is not only cell type specific but also Dox inducible. Punc-4c, a truncated unc-4 promoter.

(D and E) "AND" gate.

(D) L4 larvae were treated as indicated before imaging GFP and mCherry expression in the tail region. Asterisks indicate
the axonal commissures extending from the DA neurons to the dorsal nerve cord, which is diagnostic of DA neurons, as
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Figure 3. Continued

VA neurons lack such commissures. Arrows indicate ectopic expression. DA8 and DA9 neurons are overlapping and
hard to distinguish (see, e.g., Figure 3E in reference Wei et al., 2012).

(E) The activity of the reconstituted protein (as measured in the GFP intensity in the DA9 neuron) relative to that of the
individual domains and the intact rtTA(Q) expressed from Pmig-13. Error bars, S.D. ****p < 0.0001, one-tailed t test.
(F) "NOT" gate. L4 larvae were treated with drugs as indicated before imaging GFP and mCherry/mKate expression in the
tail region. The asterisks indicate axonal commissures of the DA neurons. The DA neurons emitted brighter red
fluorescence than VA neurons as they expressed both mKate (from Punc-4) and mCherry (from Punc-4c), whereas the VA
neurons only expressed mKate (from Punc-4).

genes only in cell type Y, where the two halves are co-expressed to reconstitute rtTA(Q) via leucine-zipper-
mediated heterodimerization (Figure 3B). To create the NOT gate, rtTA(Q) and QS are expressed from pro-
moters A and B, respectively, which should restrict target expression to cell type X. Importantly, since rTetR
is subject to control by Dox, temporal control can be readily superimposed over spatial regulation, which is
not feasible with conventional intersectional methods. For example, the NOT gate based on the Q system,
in which promoters A and B express QFAD and QS, respectively, can restrict expression to cell type X, but
the expression in this cell type is constitutive rather than inducible (Wei et al., 2012). The same limitation
applies to an AND gate created by a split GAL4 system( Wang et al., 2018). We dub ours inducible inter-
sectional method to emphasize its inherent temporal control capability.

AND and NOT logic gates have been created using the Q system to restrict GFP expression to specific sub-
sets of the A type motor neurons in the posterior region of the ventral nerve cord in the worm (Wei et al.,
2012). To facilitate direct comparison with the previous study, we employed the same promoters to create
the logic gates and analyzed the same set of neurons. We were able to recapitulate the spatially restricted
expression patterns (Wei et al., 2012), and, furthermore, we demonstrate that the expression was inducible
by Dox for both types of logic gates.

Inducible AND Gate

Punc-4c and Pmig-13 were used to express the two halves of rtTA(Q) in overlapping sets of neurons (DA7-9
vs. DA9; Figure 3B, bottom). All these neurons were labeled by mCherry co-expressed with the fusion
proteins. Dox induced GFP only in DA9 (58%, 31/53) without any leaky expression (0/94) or ectopic induc-
tion (0/53) (Figure 3D). Based on the intensity of the GFP signals, the reconstituted protein was 40% as
active as the intact rtTA(Q), whereas the individual domains were essentially inactive (Figure 3E). These re-
sults are comparable with those of the split QFAD system (Wei et al., 2012). Interestingly, in the tail region,
the previous study found Pmig-13 active in VA12 in addition to DAY (Wei et al., 2012), whereas we could
detect its activity only in DA9 (Figure 3D; see also Figure 2F). However, our observation is in apparent
agreement with another study (Figure 5G in reference Sym et al., 1999). Some subtle differences in the
driver constructs might underlie the discrepancies.

Inducible NOT Gate

Punc-4c and Punc-4 were used to express QS and rtTA(Q) in the overlapping sets of neurons (DA6-7 vs.
DA6-7+ VA%-10). In worm expressing both proteins, a 6-hr Dox exposure sufficed to induce significant
GFP in the VA neurons (Figure 3F, middle column) without ectopic expression in the DA neurons even after
12-hr Dox exposure (not shown); such a fast induction echoes that seen in the worms expressing rtTA from
Prpl-28 (Figure 2C). As expected, DA neurons expressed GFP following simultaneous exposure to Dox and
QA, but consistent with previous observations (Wei et al., 2012), the induction kinetics was slower, with sig-
nificant expression seen in the majority of DA neurons (96%, 65/68) only after 12 hr of treatment (Figure 3F,
right column).

A QS-Refractory QFAD Mutant Enables Independent Manipulation of Distinct Transgenes

in the Same Cells

Sophisticated genetic analysis can entail independent manipulation of different cell populations in the
organism or different genes in the same cells. The simultaneous use of the hybrid and Q systems would
enable the former manipulation but not the latter. This is because rtTA(Q) and QF both use QFAD as
the activation domain, and QS, intended for controlling QF, would inevitably inactivate rtTA(Q) at the
same time, if rtTA (Q) is expressed in the same cells as QF. To address this problem, we searched
for QS-resistant QFAD mutants. QF is structurally similar to GAL4 (Riabinina et al., 2015), and our
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Figure 4. Independent Regulation of Distinct Transgenes in the Same Cells

(A and B) Young adults doubly transgenic for the Tet/Q and Q systems were exposed to the indicated inducers for 24 hr
before imaging (0.1” and 1” exposures for YFP and CFP, respectively). In Figure 4A, the asterisks in the left and middle
images denote the signals perhaps derived partly from the co-injection marker GFP expressed from the Odr-1 promoter,
whereas the yellow arrows in the image at the right indicate ectopic YFP expression in the first pharyngeal bulb and tail tip
observed in some worms (see also Figures 2B and 2F). In Figure 4B, where the portion within the red square in Figure 4A is
displayed together with the images of the worm in the YFP and CFP channels, the asterisks indicate neurons with
comparable YFP vs. CFP expression, whereas yellow and cyan arrows indicate neurons with predominant YFP and CFP
fluorescence, respectively.
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Figure 4. Continued

(C) Tet/Qiis 3-fold more active than Q. The YFP and CFP signals in the experiment described in Figure 4B, which reflect the
inducibility of the Tet/Q and Q systems, respectively, are quantified, normalized by intrinsic differences in the brightness
of the two fluorescence proteins, and plotted. A total of 54 neurons in 8 worms derived from 3 independently generated
lines were analyzed. The images were captured and quantified using Zeiss ZEN 2.3 lite and the values scored when both
fluorescence signals in the same neurons were detectable and within the lineage range (determined in Figure S3C).
Compared with CFP, the YFP exposure time was 10x shorter but fluorescence 14 x stronger (Figure S3D), and so the raw
values of YFP signals were divided by 1.4 before plotting. Error bars, S.D. ****p < 0.0001, two-tailed t test.

bioinformatics analysis revealed a short stretch of conserved sequence between the activation domains of
the two proteins (Figure S2A). In particular, QFAD (781-786) is homologous to GAL4 (864-869) known to be
essential for GAL80 to bind and suppress GAL4 (Wu et al., 1996). Furthermore, QFAD (781-786) is predicted
to be part of an alpha helix (Figure S2B), suggesting its involvement in interaction with other proteins such
as QS. Extensive mutagenesis indicates that deleting QFAD (778-789) indeed made QFAD refractory to
QS, but without compromising its activation potential (Figure S2C). This rtTA(Q) deletion mutant will be
called rtTA(Q*) hereafter.

To test the feasibility of independent regulation of distinct transgenes in the same cells, we first made two
Ex-array transgenic lines carrying either the Q or the modified hybrid system, which used different reporters
(CFP or YFP, respectively) in the responders but the same promoter (Punc-4, active in A type motor neurons)
in the drivers. CFP or YFP was undetectable at the resting state (not shown) but clearly induced by QA and
Dox, respectively, with the two reporters showing no spectral overlap (Figure S3A). We then mated the two
lines to obtain double transgenic offspring and analyzed their responses to Dox/QA stimulation. There was
no CFP or YFP expression in the absence of inducers (not shown), whereas Dox and QA indeed indepen-
dently controlled their respective target genes in the neurons (Figures 4A and 4B). Thus, the two systems
can function orthogonally, as long as rtTA(Q*) is used.

Tet/Q Is More Robust than Q

In the above-described double transgenic worms co-expressing YFP and CFP, the YFP and CFP signals
were somewhat variable in different A type motor neurons within the same worms and in the same neurons
in different worms (Figures 4B and S3B), which presumably reflects (partly) the property of Punc4 used to
direct rtTA(Q*) and QF expression. Importantly, the YPF signal in general appeared much brighter and
was visible in more neurons than the CFP signal, even when the exposure time for YFP imaging was set
10% shorter than for CFP (0.1” vs. 1”). This holds true for three independent double transgenic lines exam-
ined, suggesting that the Tet/Q hybrid system, which used YFP as the reporter, can more effectively induce
target genes than the Q system. However, YFP may be intrinsically more stable and/or brighter than CFP.
To address this caveat, we made transgenic lines carrying an Ex-array comprising the Punc-4-rtTA(Q) driver
and two responders that were identical except for the fluorescent proteins expressed (YFP vs. CFP).
Following Dox stimulation, the worms were imaged as in Figure 4B and neuron fluorescence quantified.
We scored those neurons whose YFP and CFP intensities were both within the lineage range (pre-deter-
mined in Figure S3C) and found the YFP signal 14X stronger (Figure S3D). Using this value for normaliza-
tion, we inferred that the Dox can activate reporter expression to a level ~3-fold higher than that achieved
by QA-mediated de-repression, indicating that Tet/Q is more robust than the Q system (Figure 4B).

Robust Control of Cre Expression Using the Tet/Q Hybrid System

Finally, we attempted to use the hybrid system to control Cre expression as an example of its applications.
Cre was selected because of its importance in biotechnology. In addition, Cre leaky expression and
ectopic/insufficient induction can be detected quite reliably using sensitive reporter/PCR assays that
examine the consequences of Cre-mediated recombination. Cre thus offers a highly stringent test for
the robustness of our system.

The constructs for the experiment are depicted in Figure 5A. The Cre reporter carries a floxed mCherry-
terminator cassette inserted between Pdpy-30 (a constitutive, ubiquitous promoter) and GFP, so that
mCherry is widely expressed until Cre excises the terminator cassette to switch the expression to GFP.
The reporter was stably integrated into the genome as a single-copy gene using miniMos1 technology
(Frokjaer-Jensen et al., 2014) rather than carried in an Ex-array, because Cre-mediated deletion is expected
to dramatically shorten, and hence potentially eliminate, the Ex-array (Mello et al., 1991). rtTA(Q) was
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Figure 5. Robust Regulation of Cre Expression

(A) Transgenes used in the study. The Cre reporter is randomly integrated while the Cre inducible systems carried on Ex-
arrays. rtTA(Q) is expressed from either the ubiquitous Prpl-28 or neuron-specific Prgef-1, which was used for experiments
described in Figures 5B-5D, respectively. In the latter case, mKate is co-expressed with rtTA(Q) to label neurons. Red
arrows indicate PCR primers for detecting Cre-mediated excision of the floxed cassette in the Cre reporter as described in
Figure 5C.

(B and C) Effects of global Cre induction controlled by rtTA(Q) widely expressed from Prpl-28. Adult worms were
transferred to Dox plates, and 2 days later, young adult F1 worms were imaged (Figure 5B, last column, showing 5 worms)
and genomic DNA was analyzed by PCR for Cre-mediated deletion (Figure 5C) using the primers depicted in Figure 5A.
Control worms were similarly processed. mCherry and GFP were imaged with 4.2” and 3.5” exposures, respectively. The
bright green signals at the anterior were from the co-injection marker GFP. At least 10 worms in each group were imaged,
with consistent results.
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Figure 5. Continued

(D) Dox induced GFP specifically in the neurons when rtTA(Q) was expressed from Prgef-1. mKate was co-expressed with
rtTA(Q) to label the neurons. The mCherry widely expressed from the single copy reporter template was much weaker
than the mKate expressed from the multi-copy Ex-array and basically invisible under the imaging condition used, which
explains why the red fluorescence was restricted to neurons.

expressed from either the broadly active Prpl-28 or neuron-specific Prgef-1, allowing the evaluation of Cre
induction in diverse tissues and in a specific cell type, respectively. The drivers were introduced into the
Cre-reporter line in conjunction with TRE-Cre responder (Figure 5A).

We first examined the effects of ubiquitous Cre induction (Figure 5B). Adult worms with various genotypes
as indicated were allowed to lay eggs on plates lacking (first three column) or containing (last column) Dox.
Two days after hatching, the F1 young adults were imaged. We found that the reporter line expressed
mCherry but not GFP, as expected (Figure 5B, image b, f). The Ex-array did not alter reporter expression
in the absence of Dox (image ¢, g) but eliminated mCherry while switching on GFP following 2 days of
Dox exposure (image d, h). PCR analysis of the Cre reporter transgene confirmed that recombination
was undetectable in the control worm but complete after Dox exposure (Figure 5C). In these experiments,
GFP signals were already apparent within 24 hr of Dox exposure but the mCherry signal lingered on for one
more day presumably reflecting the slow decay of preexisting mCherry molecules (not shown).

We next examined the effects of Cre induction in neurons in the worms expressing rtTA(Q) from Prgef-1. To
unambiguously identify the neurons, we co-expressed mKate with rtTA(Q) (Figure 5A). GFP was undetect-
able in the neurons in the absence of Dox but clearly induced within 18 hr of Dox exposure in all the mKate-
expressing cells, indicating that Cre-mediated deletion was already complete by this time (Figure 5D).

These data illustrate the utility of the Tet/Q system for tight and effective control of biologically important
genes.

DISCUSSION

A prominent feature of the Tet/Q system is its robustness, with rapid, strong, dose-dependent induction
and negligible leakiness. The system is far more active than the canonical Tet system in the worm. Indeed,
we found that VP16-based activation domains function poorly in the worm, which may explain why the
canonical Tet system has never been described in the worm. Interestingly, several studies have reported
the use of VP16-based activation domains in the worm. First, “VP160,” which comprises 10 tandem copies
of VP16 activation domains, is fused to dCAS9 to upregulate target gene expression, but even with the
simultaneous use of six sgRNAs targeting the same gene, only a mild (~3x) effect can be achieved
(Long et al., 2015). In the second study, VP64 is fused to GAL4 DNA-binding domain to activate transcrip-
tion from a responder bearing GAL4-binding sites (Wang et al., 2017). Here as many as 15 copies of the
GAL4-binding sites are needed to support optimal activation, which might have compensated for the
weakness in the VP64 activation potential. Since QFAD is far more active than VP44 and presumably also
VP160 in the worm, its use might help perfect the two gene regulatory tools mentioned earlier. Of note,
the GAL4 system is not inducible, which limits its applications.

Tet/Q is also more robust than the Q system. This observation is not surprising, as previous studies have
demonstrated that QA is unable to fully de-repress QF. Specifically, in the worm, QF expressed in DA
and VA neurons robustly activates a GFP reporter in all these neurons in 80% of the worms, which is effi-
ciently suppressed by QS. However, QA exposure for 24 hr can de-repress GFP in all these neurons in
only 40% of the worms (Figure 1o in Wei et al., 2012). Similarly, even with a 30-hr incubation, QA can
only partially de-repress GFP in the body wall muscle in the worm expressing QF in this tissue, with the
GFP signal much weaker than observed in the worm lacking QS (Figure S3 in Wei et al.,, 2012). In the
Drosophila S2 cells, QA seems even less effective, rescuing only 10% of QF activity (Figure S1 in Potter
etal., 2010). Given the inability of QA to fully inactivate QS, the QF activity rescued is expected to be lower
than that induced by Dox, assuming that Dox can effectively activate rTetR in the worm as in other organ-
isms. It would be interesting to engineer a QS mutant that is more responsive to QA to optimize this
elegant binary system. It is also noteworthy that even the current version of the Q system can function effec-
tively on single-copy reporter genes (Wei et al., 2012), suggesting the same for the Tet/Q system, which
should broaden its applications.
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Robust binary systems like the Tet/Q system have the potential for widespread use in the worm. First, they
are fit for demanding applications such as tight regulation of Cre expression. Furthermore, libraries of
drivers and responder lines can be separately created and then systematically combined by breeding,
allowing one driver to control diverse responders and vice versa, which would greatly facilitate genetic
analysis. Currently, worm researchers typically resort to tissue-specific promoters to directly control trans-
gene expression, which requires the tedious processes of plasmid injection and worm characterization for
each new construct. This situation may change following the adoption of the binary inducible systems, as
exemplified in Drosophila where thousands of GAL4 driver lines and a wide selection of reporter lines are
available, which has helped revolutionize the field (Southall et al., 2008).

The Tet/Q system is not only robust but also highly flexible. First, it is subject to dual control by two distinct
inducers (Dox and quinic acid), which is unique among binary gene regulatory systems, as other systems are
either not inducible (e.g., the GAL4-based system) or controlled by a single inducer (e.g., the Tet or Q sys-
tem). Second, we have created the split Tet/Q system and the QS-resistant QFAD mutants, which adds to
its flexibility. The Tet/Q system and its modifications, in conjunction with the Q system, enable sophisti-
cated modes of transgene manipulation, such as inducible intersectional regulation and independent con-
trol of distinct transgenes in the same cells. These strategies will expand the range of applications of both
the Tet/Q and the Q systems.

We have also briefly explored the reversibility of GFP induction in the experiments described in Figure 2C.
Specifically, the worms were exposed to Dox (1ng/ul) for 15 hr, washed several times, and transferred to a
fresh plate.

GFP signal persisted for at least 2 days without any sign of decay (data not shown), presumably because the
washes were insufficient to deplete Dox from the worm. More extensive washes, combined with lower Dox
concentration (e.g., 0.01ng/ul) and shorter exposure times (e.g., 6 hr) might help facilitate the reversal.

As mentioned in the Introduction, the Tet system has been reported to function in diverse lower organisms.
However, such reports are sporadic, in contrast to the scenario in mammalian cells. Given that the Tet
system was originally developed for mammalian cells, its performance in the lower organisms might be
suboptimal, thus preventing their widespread use. This issue might be addressed by replacing the
mammalian elements in the system (the VP16 activation domain and the CMV minimal promoter) with those
highly active in the respective lower organisms, as illustrated in our study.

Finally, although this study focuses on transcription regulation, gene expression can also be controlled at
the protein level, and auxin-inducible protein degradation (Zhang et al., 2015) has been achieved in the
worm, which can complement transcription manipulation for sophisticated control of gene expression.

Limitations of the Study

All of the transgenic lines except the Cre reporter line described in Figure 5A were generated using micro-
injection of plasmids into the gonads, which produces complex Ex-arrays that are known to be unstable and
susceptible to silencing. To facilitate the use of our system in the worm, it will be helpful to generate driver
and responder lines carrying single-copy transgenes stably integrated into the genome.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

DATA AND SOFTWARE AVAILABILITY

All data generated or analyzed in this study are included in this published article (and its Supplemental
Information files). The strains and plasmids will be deposited at CGC (https://cgc.umn.edu/) and Addgene
(https://www.addgene.org/), respectively.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods and three figures and can be found with this
article online at https://doi.org/10.1016/].isci.2018.12.023.
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Fig. S1. Development of the Tet/Q
system, related to Fig. 2

(A) Elimination of leaky expression using
tTS. L4 larvae carrying indicated
transgenes that lack (left) or express tTS
(right) were compared. The images
were digitally enhanced to reveal leaky
expression.

(B) Similarity of GFP expression patterns
in different worms of the same strain.
Three worms for each line are
displayed. The while and red arrows
denote PVD neuron and ectopic
expression in gut-like tissues in the tail
region, respectively.

(C) Tight correlation of mKate v.s GFP
expression in the majority of the
transgenic strains. The images are the
same as in Fig. 2F except that mKate
signals, a proxy for rtTA(Q) expression,
are overlaid with GFP signals. mKate
expression driven by the ges-1, ser-2,
rgef-1 and unc-4 promoters was well
correlated with GFP signals. Curiously,
in the worm expressing mKate from the
unc-54 and mig-13 promoters , multiple
regions showed discordance of the
mKate and GFP signals, which has two
types of manifestations. First, in both
lines, several regions/cells expressed
GFP but little mKate (e.g., the cells
marked by asterisks in mig-13
transgenic line), and the exact
regions/cells involved were divergent
among different worms of the same
strain. However, the GFP expression
here were apparently not ectopic,

suggesting rtTA(Q) was correctly expressed despite the lack of its proxy mKate, an idea testable by direct detection of
rtTA(Q) protein. The second manifestation of the mKate-GFP disconnect is that in the worm expressing rtTA(Q) from the
unc-54 promoter, mKate was expressed in several regions without concomitant GFP signal, and except for the head, the
regions involved tend to differ among different individuals. The mechanism is unclear, but might involve some
repressors of rtTA(Q) and/or TRE that stochastically silenced GFP. The white arrow at the bottom left indicates the PVD
neuron, with the GFP signal above representing ectopic expression and the inset highlighting the mKate-GFP correlation
(the weak mKate signal was digitally enhanced in the inset for better visualization). The red arrows in the right panels
denote ectopic expression at the tail tip. Of note, the data on hypodermis is not shown because instead of mKate, BFP,
which proved undetectable, was used for monitoring rtTA(Q) expression.
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Fig. S2. Identification of QS-resistant QFAD mutants, related to Fig. 4.

(A) Sequence alignment between QFAD (namely, aa 650-816 in QF) (Riabinina et al., 2015) and the GAL4 activation
domain, performed using Clustal Omega(https://www.ebi.ac.uk/Tools/msa/clustalo/). Boxed are the GAL4 residues
important for GAL80 suppression and the corresponding residues in QFAD. The three icons underneath the amino acid
sequences (:, ., w) denote strongly conservative changes, weakly conservative changes and identical residues,
respectively.

(B) QFAD secondary structure prediction by Phyre2(Kelley and Sternberg, 2009)

(C) Summary of mutagenesis experiments. The point mutation L781E was tested because L868E in GAL4 is known to
make GAL4 refractory to GAL80; L868 is located in the conserved region between GAL4 and QFAD (Fig. 4A)(Wu, Reece
and Ptashne, 1996).




Fig. S3. The Tet/Q system is

A QA Dox 3x more potent than the Q

system, related to Fig. 4.
Ex[Punc-4::QF::QS, QUAS::CFP]  Ex[Punc-4::rtTA (Q*)::tTS, TRE::YFP] (A) No spectral overlap

CFP between CFP and YFP. Single
array worms transgenic for
the Q and Tet/Q system were
induced with QA and Dox,
respectively, for 24 hr before
imaging. Asterisks denote the
signals perhaps derived
partly from the co-injection

B Ex[Punc-4::rtTA (Q*)::tTS, TRE::YFP] marker GFP expressed from

Ex[Punc-4::QF::QS, QUAS::CFP] the Odr-1 promoter (GFP
signals can leak into the CFP

and YFP channels).

(B) YFP and CFP signals,

;," driven by Punc4, are
= somewhat variable among
x T
S individual neurons and
Zz worms. Shown are 6 worms
‘@ o 20 40 60 80 0 o )
& derived from 3 independent
= 15 . .
€ lines. The images are overlays
> 10 of YFP and CFP fluorescence.
2 5
w -
(C) Determination of the
o 1000 2000 3000 lineage range of YFP and CFP
Exposure Time (ms) imaging. On a double
transgenic worm co-
expressing the two proteins
D Ex[Punc-4::rtTA (Q*)::tTS, TRE::YFP, TRE::CFP] described in Fig. 4, a single
neuron was sequentially
40 1 N=24 imaged with various exposure
' times as indicated. The result
30 1 shows that fluorescence
e , intensities below 15,000 units
Q 20 ; T 14+/-6  are within the lineage range
& Cle of the detection system.
> 10 ::;:ﬁ Images were captured and
Overlay quantlfled using Zeiss ZEN 2.3
0 T lite.
. Neurons scored

(D) Determination of intrinsic
differences between YFP and
CFP. The worm line carried an equal quantity of TRE-YFP and TRE-CFP responders, which were activated simultaneously
in A type-motor neurons by rtTA(Q*) expressed from Punc-4. Images were captured and quantified as described in Fig.
S3C, with the exposure times set at 0.1’ and 1’ for YFP and CFP, respectively (left). The neurons where both YFP and CFP
signals were clearly detectable and within the lineage range were scored. To calculate the relative YFP/CFP intensity
within a neuron, the raw YFP value was multiplied by 10 before division by the CFP value in the same cell. A total of 24
neurons from 3 independently derived worm lines were analyzed (right).



TRANSPARENT METHODS

Expression constructs

Plasmids were made using pPD95_77 as the backbone (a gift from Andrew Fire, Addgene plasmid # 1495), with the
relevant protein coding sequences codon-optimized for worm expression. Detailed cloning strategies are described
below, and important plasmids will be deposited at Addgene.

TC358 TRE-Apes-10-GFP: 7xTetO was amplified from TC243 with primer 5’- AATAAGCTTGCATGCCCGTCTTCACTCGAGTTT
and 3’- CACGCCTACCTCGACA, Apes-10 minimal promoter was amplified from N2 genomic DNA with primer 5’-
GTCGAGGTAGGCGTGATCGATTTTTTGCAAATTACGAG and 3’- ACTCATTTTTTCTACCGGCTGAAAGTTAAAAATTACAGT. 7x
TetO and Apes-10[reference] were inserted into Agel-Pstl fragment from 95.77_GFP_WITH_K from Huan Hu using In-
Fusion HD cloning kit(Clontech).

TC549 Prpl-28::rtetR-VPR::P2A::mKate::T2A::tetR-piel: VPR was codon-optimized by IDT and synthesized by GeneWiz,
P2A::mKate::T2A::tetR-piel and Prpl-28::rtetR were amplified from TC374 with 5’- CCATGGGGCAGTGGGGCTA and 3’-
ACCGGAACCAGATCCAGATCCAG. Two fragments were fused using In-Fusion HD cloning kit(Clontech).

TC357 Prpl-28::rtetR-QFAD::P2A::mKate: rtetR-QFAD::P2A was codon-optimized and synthesized by GenScript, mKate
was amplified from pPD285 mKate2 C1 SE with 5’- ATGGTCTCCGAGCTCATT and 3'-
GCGCTCAGTTGGAATTACGGTGTCCGAGCTTG. rtetR-QFAD::P2A and mKate were inserted into EcoRI-BamHI fragment
from TC350 rpl-28p_in_pPD95 using In-Fusion HD cloning kit(Clontech).

TC374 Prpl-28::rtetR-QFAD::P2A::mKate::T2A::tetR-piel: rtetR-QFAD::P2A::mKate was amplified from TC357 with 5’-
GACGCTCTCGTGGATCAAA and 3’- ACGGTGTCCGAGCTTG. T2A::tetR-piel was codon-optimized and synthesized. rtetR-
QFAD::P2A::mKate and T2A::tetR-piel were inserted into EcoRI-BamHI fragment from TC350 rpl-28p_in_pPD95 using In-
Fusion HD cloning kit(Clontech).

TC393 Pser-2::rtetR-QFAD::P2A::mKate::T2A::tetR-piel: Ser-2 promoter was released with BamHI and Notl digestion
Pser-2 promoter-mCherry. rtetR-QFAD::P2A::mKate::T2A::tetR-piel was amplified from TC374 with 5'-
GCGCCTCTAGAGGATCGCTAGCACGCTCTCGTGGATCAAA and 3’- CCAGTCAGTGCGGCCGCGGTAATACGGTTATCCACA. ser-2
promoter was subcloned into TC374 to replace the rpl-28 promoter using In-Fusion HD cloning kit(Clontech).

TCA414 Prpl-28::rtetR-QFAD::P2A::eBFP2::T2A::tetR-piel: eBFP2 was codon optimized and synthesized and amplified
with 5’- GAGAACCCTGGACCTGT and 3’- TCCCTCTCCCGATCCT. T2A::tetR-piel::Prpl-28::rtetR-QFAD::P2A was amplified
from TC374 with 5'- GGATCGGGAGAGGGACGAGGAAGT and 3’- AGGTCCAGGGTTCTCCTCCACGTCT. The two fragments
were infused using In-Fusion HD cloning kit(Clontech).

TCA419 Pges-1::rtetR-QFAD::P2A::mKate::T2A::tetR-piel: Ges-1 promoter was amplified from 95.77-kp-ges-1-prom-raga-
1-DA with 5’- CGTATTACCGCGGCCGCAACATCACGGACCCAA and 3’- CGAGAGCGTGCTAGCTCTAGAGTCGACTGAATTCAA,
then subcloned into the Notl and Nhel sites of TC393, replacing the ser-2 promoter.

TCA426 Pdpy-7::rtetR-QFAD::P2A::eBFP2::T2A::tetR-piel: dpy-7 promoter was released with Notl and BamHI from pSM
Pdpy-7_lin-14a_Cflag. rtetR-QFAD::P2A::eBFP2::T2A::tetR-piel was amplified from

TC414 with 5'- GCGCCTCTAGAGGATCGCTAGCACGCTCTCGTGGATCAAA and 3'-
CCAGTCAGTGCGGCCGCGGTAATACGGTTATCCACA. The two fragments were fused using In-Fusion HD cloning
kit(Clontech).

TCA474 Prgef-1::rtetR-QFAD::P2A::mKate::T2A::tetR-piel rgef-1 promoter was amplified from worm gDNA with

5’- ggccgcactgactgg TGCAGGCAATACTAATAGAGG and 3’- atcctctagaggcgc TTTTGGATCCCGTCGTC. The vector was
amplified from TC374 with 5’- gcgcctctagaggatcGCTAGCACGCTCTCGTGGATCAAA and 3'-
ccagtcagtgcggccGCGGTAATACGGTTATCCACA. Two fragments were fused using In-Fusion HD cloning kit(Clontech).



TCA476 Punc-54::rtetR-QFAD::P2A::mKate::T2A::tetR-piel: unc-54 promoter was amplified from pSM-Punc-54_mcherry
with 5’- GGCCGCACTGACTGGGCCGGCCAAGCTTGTCTT and 3’- ATCCTCTAGAGGCGCGCTAGCCAAGGGTCCTC. rtetR-
QFAD::P2A::mKate::T2A::tetR-piel was amplified from TC374 with 5'-
GCGCCTCTAGAGGATCGCTAGCACGCTCTCGTGGATCAAA and 3’- CCAGTCAGTGCGGCCGCGGTAATACGGTTATCCACA. Two
fragments were fused using In-Fusion HD cloning kit(Clontech).

TC512 Pmig-13::Zip(-)::QFAD::NLS::SL2::mCherry: mig-13 promoter was amplified from N2 genomic DNA with 5’-
CTTGCATGCGCGGCCGGTACCCTGACACTAAGTTTC and 3’- CAATTGTTCAGAAGCCATTACCTGAAATTCTGAATTAAATGAT.
Zip(-) was codon-optimized and synthesized by GenScript and then amplified with 5’- GCTTCTGAACAATT and 3’-
GGTACCTGATCCA. QFAD was amplified from TC357 with 5’- TCTGGATCAGGTACCCTTGAGCTTCCGCCGA and 3’-
TTAGACCTTACGCTTCTTCTTTGGCCCACTGCCCCATG. SL2 was amplified from N2 genomic DNA with 5’-
AAGCGTAAGGTCTAAGCTGTCTCATCCTACTTTC and 3’- CCATTTTTTCTACCGGATGCGTTGAAGCAGTT. Four fragments were
inserted into Notl and Kpnl site of pSM-Punc-54_mcherry to replace the unc-54 promoter using ClonExpress MultiS One
Step Cloning Kit(Vazyme).

TC513 Punc-4¢::SV40 NLS::rtetR::Zip(+)::SL2::mCherry: unc-4c promoter was amplified from N2 genomic DNA with 5’-
CTTGCATGCGCGGCCGCTGACTGGTGATCCATCTCG and 3’- GACCTTACGCTTCTTCTTTGGCATTTTCACTTTTTGGAA. rtetR was
amplified from TC357 with 5'- AAGAAGCGTAAGGTCATGTCACGACTGGATAAAT and 3’- AGATCCTGATCCGGATCCTCCTCC,
Zip(+)::SL2 was codon-optimized and synthesized. The three fragments were inserted into Notl and Kpnl site of pSM-
Punc-54_mcherry (to replace unc-54 promoter) using ClonExpress MultiS One Step Cloning Kit(Vazyme).

TC520 Punc-4c::QS::SL2::mCherry: ordered from addgene(XWQ09)(Wei et al., 2012)

TC544 Prpl-28::rtetR-VP64::SV40 NLS::P2A::mKate:: T2A::tetR-piel: VP64::SV40 NLS was codon-optimized and
synthesized. P2A::mKate::T2A::tetR-piel and Prpl-28::rtetR were amplified from TC374 with 5’-
CCATGGGGCAGTGGGGCTA and 3’- ACCGGAACCAGATCCAGATCCAG. The two fragments were fused using In-Fusion HD
cloning kit(Clontech).

TC550 Punc-4::rtetR-QFAD::P2A::mKate::T2A::tetR-piel: unc-4 promoter was amplified from N2 genomic DNA with 5’-
AACCGTATTACCGCGGCCGCCAACAATATAGGATGCTCAG and 3’- TTTATCCAGTCGTGACATTTTCACTTTTTGGAAGA, rtetR-
QFAD::P2A::mKate::T2A::tetR-piel was amplified from TC374 with 5’- ATGTCACGACTGGATAAATCGAA and 3'-
GCGGCCGCGGTAATACGGTTATCCACA. The two fragments were fused using In-Fusion HD cloning kit(Clontech).

TC560 Punc-4::rtetR-QFAD(650-768)::P2A::mKate::T2A::tetR-piel fragment deleted aa778-789 was amplified from
TC550 with 5- CCATGGGGCAGTGGGGCTA and 3’- CCCACTGCCCCATGGATATCCGAAATTGG then self-infused using In-
Fusion HD cloning kit(Clontech).

TC561 Punc-4::rtetR-QFAD(650-768)::P2A::mKate::T2A::tetR-piel fragment deleted aa778-789 was amplified from
TC550 with 5- CCATGGGGCAGTGGGGCTA and 3’- CCCACTGCCCCATGGCACCATCGCATCATAGTCTACAGTC, then fused
using In-Fusion HD cloning kit(Clontech).

TC562 Punc-4::rtetR-QFAD(650-777+790-816)::P2A::mKate::T2A::tetR-piel fragment deleted aa778-789 was amplified
from TC550 with 5’- GTTGACGTTGATCCGCAGTTCA and 3’- CGGATCAACGTCAACCACCATCGCATCATAGTCTACAGTC then
self-infused using In-Fusion HD cloning kit(Clontech).

TC574 Punc-4::rtetR-QFAD(650-768)::P2A::mKate::T2A::tetR-piel fragment deleted aa778-789 was amplified from
TC550 with 5’- GTTGACGTTGATCCGCAGTTCA and 3’- TGCGGATCAACGTCAACATATCCGAAATTGGCCATGGG then fused
using In-Fusion HD cloning kit (Clontech).

TC608 Punc-4::rtetR-QFAD(650-768+778-816)::P2A::mKate::T2A::tetR-piel fragment deleted aa778-789 was amplified
from TC550 with 5’- GCCAATTTCGGATATGATGATCTGGCATCGATCGAGT and 3’- ATATCCGAAATTGGCCATGGGGAC then
fused using In-Fusion HD cloning kit(Clontech).



TC646 Pdpy30::loxP::mcherry::let-858 terminator::loxP::GFP. This construct was codon optimized and synthesized by
Genscript, also named as “pQA1321”.

TC672 TRE::CFP CFP was amplified from TC812 with 5’- gacaccATGGTTTCTAAGGGAGAAGAACTTTT and 3'-
AGACTTTTTTCTTGGCGGCAC. The vector was amplified from TC358 with 5’- ccaagaaaaaagtctCCGACACCCGCCAAC and 3'-
AGAAACCATGGTGTCTCTCCAATCTCC. Two fragments were fused using In-Fusion HD cloning kit(Clontech).

TC690 Punc4::QF2::QS::mKate QS was amplified from TC520 to make TC674(unc4::rtTA::QF2::QS::mKate::Tts, QF2 was
synthesized by Genscript). 2 fragments (unc-4 promoter and QF2::P2A::QS::P2A::mKate) were amplified from TC674 with
5’- AAGCTCGGACACCGTTGAGCGCCGGTCGCTA 3’- CATTTTCACTTTTTGGAAGAAGAAGATCCTC and 5'-
CAAAAAGTGAAAATGCCGCCTAAACGCAAGAC 3’- ACGGTGTCCGAGCTTGGATGGGA. Two fragments were fused using In-
Fusion HD cloning kit(Clontech).

TC708 Pmig-13::rtetR-QFAD::P2A::mKate::T2A::tetR-piel: mig-13 promoter was amplified from TC512 with 5’-
TGCTGATAAATCTGGAGCCGGTGA and 3’- TTTATCCAGTCGTGACATTACCTGAAATTCTGAATTAAATGAT, rtetR-
QFAD::P2A::mKate::T2A::tetR-piel was amplified from TC374 with 5’- ATGTCACGACTGGATAAATCGAA and 3'-
TCACCGGCTCCAGATTTATCAGCAA. The two fragments were fused using In-Fusion HD cloning kit(Clontech).

TC709 Punc-4::rtetR-QFAD( L781E)::P2A::mKate::T2A::tetR-piel fragment deleted aa778-789 was amplified from TC550
with 5- TGTAGACTATGATGCGATGGTGGATGATGAGGCATCGATCGAGTA and 3'-
TGTAGACTATGATGCGATGGTGGATGATGAGGCATCGATCGAGTA then fuse using In-Fusion HD cloning kit(Clontech).

TC811 TRE::YFP YFP was from PBS77-ChR2(H134R)::YFP(from Yan Zou), which was digest and inserted into Bsal and Ncol
sites of TC358 using NEB enzymes.

TC812 QUAS::CFP 5xQUAS and CFP was codon optimized and synthesized by Genscript. Fragment was amplified with 5’-
CGCTAACAACTTGGAAATGAAAT and 3’- TTATTTATACAATTCATCCATTCCA. Vector was amplified from TC358 with 5’-
GAATTGTATAAATAAGCATTCGTAGAATTCCAACTGAG and 3’- GGCATGCAAGCTTATTTCATTTCC. Two fragments were fused
using In-Fusion HD cloning kit(Clontech).

TC872 TRE::nCre nCre was codon optimized and synthesized by genscript and amplified with 5’-
gtaatttttaactttcagaaggacccaaaggtatgtttcgaatg and 3’- AGACTTTTTTCTTGGCGGCAC, the vector was amplified from TC358
with 5’- ccaagaaaaaagtctCTCTGACACATGCAGCTCC and 3’- ctgaaagttaaaaattac. Two fragments were fused using In-
Fusion HD cloning kit(Clontech).

Strains and transformation

All transgenic lines carrying Ex-arrays were generated on the N2 background using standard protocols (Mello and Fire,
1995). At least 3 transgenic lines for each transformation were obtained. The line bearing the single copy Cre reporter
insertion (Fig. 5) was generated using the mini-mos1 strategy (Frokjaer-Jensen et al., 2014). Strain information is
described below.

Plasmid mixture injected Expts

ms18 (VP64) [TC544(5ng/ul), TC358(5ng/ul), Podr-1::dsRED(50ng/ul), NEB 1kb DNA Fig.2A
ladder(40ng/ul)].

ms22 (VPR) [TC549(5ng/ul), TC358(5ng/ul), Podr-1::dsRED(50ng/ul), NEB 1kb DNA Fig.2A
ladder(40ng/ul)]

ms15 (QFAD) [TC357(5ng/ul), TC358(5ng/ul), Podr-1::dsRED(50ng/ul), NEB 1kb DNA Fig.2A, Fig.S1A
ladder(40ng/ul)]

ms11 (rtTA(Q) + tTS) [TC374(5ng/ul), TC358(5ng/ul), Podr-1::dsRED(50ng/ul), NEB 1kb Fig.2B-C, Fig.S1A
DNA ladder(40ng/ul)]




ms08 (dpy-7) [TC426(5ng/ul), TC358(5ng/ul), Podr-1::dsRED(50ng/ul), NEB 1kb DNA Fig.2F, Fig.S1B
ladder(40ng/ul)]

ms09 (rgef-1) [TC474(1ng/ul), TC358(5ng/ul), Podr-1::dsRED(50ng/ul), NEB 1kb DNA Fig.2F, Fig.S1B
ladder(40ng/ul)]

ms10 (unc-54) [TC476(1ng/ul), TC358(5ng/ul), Podr-1::dsRED(50ng/ul), NEB 1kb DNA Fig.2F, Fig.S1B
ladder(40ng/ul)]

ms12 (ser-2) [TC393(5ng/ul), TC358(5ng/ul), Podr-1::dsRED(50ng/ul), NEB 1kb DNA Fig.2F, Fig.S1B
ladder(40ng/ul)]

ms16 (ges-1) [TC419(5ng/ul), TC358(5ng/ul), Podr-1::dsRED(50ng/ul), NEB 1kb DNA Fig.2F, Fig.S1B
ladder(40ng/ul)]

ms73 (mig-13) [TC708(10ng/ul), TC358(5ng/ul), Podr-1::dsRED(50ng/ul), NEB 1kb DNA Fig.2F, Fig.S1B,
ladder(35ng/ul)] Fig.3E

ms77 (unc-4) [TC550(5ng/ul), TC358(5ng/ul), Podr-1::dsRED(50ng/ul), NEB 1kb DNA Fig.2F, Fig.S1B
ladder(40ng/ul)]

ms03 (and gate) [TC512(10ng/ul), TC513(30ng/ul), TC358(5ng/ul), Podr- Fig.3D, 3E
1::dsRED(50ng/ul), NEB 1kb DNA ladder(5ng/ul)]

ms74 ("and gate" control) [TC512(10ng/ul), TC358(5ng/ul), Podr-1::dsRED(50ng/ul), NEB | Fig.3E

1kb DNA ladder(35ng/ul)]

ms75 ("and gate" control) [TC513(30ng/ul), TC358(5ng/ul), Podr-1::dsRED(50ng/ul), NEB | Fig.3E

1kb DNA ladder(15ng/ul)]

ms100 ("not gate") [TC550(10ng/ul), TC520(10ng/ul), TC358(5ng/ul), Podr- Fig.3F
1::dsRED(50ng/ul), NEB 1kb DNA ladder(25ng/ul)]

ms119 (orthogonal) [TC562(5ng/ul), TC811(10ng/ul), Podr-1::dsRed(50ng/ul), NEB 1kb Fig.4, S3A, S3B
DNA ladder(35ng/ul)]

ms120 (orthogonal) [TC690(10ng/ul), TC812(10ng/ul), Podr-1::GFP(50ng/ul), NEB 1kb Fig.4, S3A, S3B
DNA ladder(30ng/ul)]

ms132 (cre) ex[TC414(5ng/ul), TC872(5ng/ul), Podr-1::GFP(50ng/ul), NEB 1kb DNA Fig.5B, 5C
ladder(40ng/ul)]; si[pQA 1321]

ms128 (cre) ex[TC474(5ng/ul), TC872(5ng/ul), Podr-1::GFP(50ng/ul), NEB 1kb DNA Fig.5D
ladder(40ng/ul)]; si[pQA 1321]

ms23 (mapping) ex[TC550(5ng/ul), TC520(5ng/ul), TC358(5ng/ul), Podr- Fig.S2C
1::dsRED(50ng/ul), NEB 1kb DNA ladder(35ng/ul)]

ms24 (mapping) ex[TC560(5ng/ul), TC520(5ng/ul), TC358(5ng/ul), Podr- Fig.S2C
1::dsRED(50ng/ul), NEB 1kb DNA ladder(35ng/ul)]

ms25 (mapping) ex[TC561(5ng/ul), TC520(5ng/ul), TC358(5ng/ul), Podr- Fig.S2C
1::dsRED(50ng/ul), NEB 1kb DNA ladder(35ng/ul)]

ms26 (mapping) ex[TC562(5ng/ul), TC520(5ng/ul), TC358(5ng/ul), Podr- Fig.S2C
1::dsRED(50ng/ul), NEB 1kb DNA ladder(35ng/ul)]

ms27 (mapping) ex[TC574(5ng/ul), TC520(5ng/ul), TC358(5ng/ul), Podr- Fig.S2C
1::dsRED(50ng/ul), NEB 1kb DNA ladder(35ng/ul)]

ms28 (mapping) ex[TC608(5ng/ul), TC520(5ng/ul), TC358(5ng/ul), Podr- Fig.S2C
1::dsRED(50ng/ul), NEB 1kb DNA ladder(35ng/ul)]

ms29 (mapping) ex[TC709(5ng/ul), TC520(5ng/ul), TC358(5ng/ul), Podr- Fig.S2C
1::dsRED(50ng/ul), NEB 1kb DNA ladder(35ng/ul)]

ms131 (YFP/CFP) ex[TC574(5ng/ul), TC672(5ng/ul), TC811(5ng/ul), NEB 1kb DNA Fig.S3D

ladder(85ng/ul)]




Drug treatment

30mg Dox (Doxycycline hyclate, 298%, Sigma-Aldrich D9891) was dissolved in 60 ul DMSO and then diluted to 1ml with
water to get 30mg/ml stock solution. Before use, the stock was diluted to 1 ng/ul with M9 buffer, and 400ul was added
onto each nematode growth medium (NGM) plate (60x 15 mm?) seeded with Escherichia coli OP50, reaching the final
concentration of 0.1ng/ul (except in Fig. 2E as indicated). This concentration is much lower than used in mammalian
cell culture and no toxicity on the worm was observed. QA (at the final concentration of 7.5ug/ul ) was used on NGM
plate exactly as described (Wei et al., 2012).

Fluorescence imaging and image quantification

The worms imaged in this study were L4 larvae or young adults unless specified otherwise. The worms in Fig. 2A, Fig. 2C
and Fig. S1 were imaged with Nikon smz25 stereomicroscope (equipped with a SHR Plan Apo 1.6x objective and a DS-
Ri1-U3 camera) using NIS-Elements software. All other images were captured with a Zeiss Axio Imager Z2 upright
microscope (equipped with EC Plan-Neofluar 10x/0.30, Plan-Apochromat 20x/0.8, Plan-Apochromat 63x/1.4 Qil
objectives, Axiocam506 camera, and Apotome.2), except that the images in Fig. 2F and Fig. 3 were captured with Nikon
A1R confocal microscope (equipped with S Plan Fluor ELWD 20x/0.45, Plan Fluor 40x/1.3 Oil, Apo TIRF 60x/1.49 Qil).
Confocal images were rendered by maximum intensity projection method using Image J (US National Institutes of
Health). Where applicable, images captured with the upright microscope were quantified using Zen 2.3 lite (Carl Zeiss),
whereas confocal images with NIS-Elements software. Except for stereomicroscopy, the worms were immobilized using
10mM levamisole before imaging on 2% agarose pad.
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