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ABSTRACT

A flexible method to image unmodified transcripts
and transcription in vivo would be a valuable tool to
understand the regulation and dynamics of transcrip-
tion. Here, we present a novel approach to follow na-
tive transcription, with fluorescence microscopy, in
live C. elegans. By using the fluorescently tagged
Argonaute protein NRDE-3, programmed by expo-
sure to defined dsRNA to bind to nascent transcripts
of the gene of interest, we demonstrate transcript la-
belling of multiple genes, at the transcription site and
in the cytoplasm. This flexible approach does not re-
quire genetic manipulation, and can be easily scaled
up by relying on whole-genome dsRNA libraries. We
apply this method to image the transcriptional dy-
namics of the heat-shock inducible gene hsp-4 (a
member of the hsp70 family), as well as two transcrip-
tion factors: tix-3 (a LHX2/9 orthologue) in embryos,
and hlh-1 (a MyoD orthologue) in larvae, respectively
involved in neuronal and muscle development.

INTRODUCTION

Understanding the dynamics of transcription is essential to
deciphering cell fate specification and maintenance. While
the use of fluorescent proteins as transcriptional reporters
has been invaluable in this regard, it provides little informa-
tion on the amount of endogenous transcripts and their dy-
namics. Methods such as single molecule fluorescent in situ
hybridization (smFISH) or single-cell RNA sequencing, on
fixed or dissociated tissues, allow for precise measurements
of transcript abundance at the transcription site and in the
nucleus, but only as a snapshot, missing information on the
dynamics of transcription.

Over the last two decades, several methods were devel-
oped to label and quantify mRNA in living cells or ani-
mals (1). To this day, the most popular method for in vivo
mRNA labelling, either of active transcription sites or in-
dividual mRNAs, is the phage-derived MS2-MCP system
(2), which requires modifying the target transcript to add

multiple stem-loop MS2 repeats, on which the fluorescently
tagged MS2 coat protein (MCP) binds with high affinity.
Thanks to this powerful method, studies have observed dy-
namics and bursting transcription in cultured cells; in re-
cent years it has been applied to live animal studies in the
Drosophila embryo (3), in the mouse (4), and Caenorhabdi-
tis elegans (5). It requires, however, editing the gene of inter-
est to insert multiple MS2 repeats or using a reporter trans-
gene, and is difficult to scale up to assay the expression of
many different genes; as a result, it has only seen limited
uses in whole organisms so far. Additionally, the numerous
repeats have been reported to interfere with transcript pro-
cessing and cytoplasmic export (6).

More recently, alternative methods that label unmodified
transcripts have been developed, first using a fluorescently
labelled Pumilio homology domain (7), which can be pro-
grammed at the protein level to bind to specific 8-nucleotide
RNA sequences (8), then with the use of catalytically inac-
tive Cas9 programmed with chimeric oligonucleotides (9),
or Casl3 programmed with a long guide RNA (10,11), to
bind to a transcript of interest. These newer methods have
so far only been used in cultured cells, to image accumu-
lation of transcripts in some cellular compartments (stress
granules and paraspeckles). However, to image transcrip-
tion sites or single transcripts, binding of multiple fluores-
cent proteins on one transcript becomes necessary. Since
this would require multiple guide RNAs tiling over the tran-
script, it renders these new methods less powerful. While
efforts have expanded significantly in recent years (1), there
is still a need to develop more flexible systems to visualize
native mRNAs in live cells and organisms. Particularly use-
ful qualities would be easy programmability to bind to any
RNA sequence; a good signal-to-noise ratio, to allow imag-
ing down to single molecules; scalability up to the whole
genome; and applicability to cells in culture as well as whole
organisms.

Here, we report the development in the model organism
C. elegans of a novel method to image transcription in vivo,
relying on the sequence-specific binding of the Argonaute
NRDE-3 to transcripts of interest, that improves on exist-
ing approaches. We demonstrate its usefulness to study the
transcriptional dynamics of transcription factors and a heat
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shock gene, in the first reported live imaging of transcrip-
tion of unmodified genes in an animal. This method allows
imaging both at transcription sites and in the cytoplasm,
and is inexpensive to deploy.

MATERIALS AND METHODS
Mutants

Alleles used in this study were eri-1(mg366), nrde-
2(gg95), and nrde-1(gg88).

Transgenes

vbals52: peef-1A4.1:: YFP::nrde-3 11

vbals53: yrps-27::mNeonGreen::flag::nrde-3 11
vbals54: yeef-1A.1:: YFP::nrde-3::SL2::sid-1 11
vbals55: peef-1A4.1:: VenusC::nrde-3 II

vbals56: peef-1A.1::VenusN::nrde-3 1

All transgenes were integrated as single copy by CRISPR,
at loci ttTi5605 (chrll) or ttTi4348 (chrl).

Strains

VBS662 eri-1(mg366 ), nrde-2(gg95); vbals52
VBS663 eri-1(mg366 ); nrde-2(gg95); vbals53
VBS664 eri-1(mg366 ), nrde-2(gg95); vbals55,; vbals56
VBS668 eri-1(mg366 ), nrde-2(gg95); vbals54

Plate preparation and dsRINA exposure

dsRNA targetting the gene of interest is expressed by bac-
teria, from the Ahringer library (12); bacterial clones were
sequenced to verify identity, and we tested the specificity to
the gene of interest with Clonemapper (13). The clone tar-
getting the gene his-13 (ZK131.7) also matches other his-
tone genes at several other loci across the genome.

dsRNA-expression plates were prepared fresh, at most
one week before experiment. Bacteria culture expressing
dsRNA against the gene of interest were plated, and the
following day L.3-L4 worms added on the plate. Nuclear lo-
calization and transcription spots were then scored on the
next generation. If exposure to dsRNA persists for multi-
ple generations, we found that transcription spots became
more difficult to observe, possibly due to residual epigenetic
silencing in the germline.

For certain genes, like elt-2 or ant-1.1, primary RNAiwas
sufficiently efficient to affect the fitness and prevent growth.
To circumvent this knockdown, we diluted the bacteria ex-
pressing dsRNA targeting the gene of interest to 50% or
75% with bacteria carrying the negative control plasmid
L4440.

Mounting and imaging

Worms were mounted on agar pads, and immobilized us-
ing levamisole or polystyrene beads. In our experience, im-
mobilizing the worms with levamisole or azide negatively
affects cellular processes and hinders the measurements of
transcriptional dynamics. All live imaging was performed
on a spinning disk confocal microscope, with laser power
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at 515 nm of 0.4 mW. For timelapse imaging, we adjusted
the frequency of image acquisition to limit bleaching of
weak signal while still achieving sufficient image resolution.
For the timelapses presented here, we used frequencies of 4
min (for ¢zx-3 and hsp-4) or 2 min (for ilh-1).

«-amanitin treatment

Worms were exposed to dsRNA against ilh-1 for one gen-
eration, then L4 individuals were put in a liquid solution of
a-amanitin at 20 pg/ml in M9, while the negative control
individuals were exposed to M9 only, for 3 h before imag-
ing.

smFISH

Because smFISH probes and NRDE-3 will bind to the
same exonic sequences, competition could reduce efficiency
of smFISH labelling. We therefore used a combination of
smFISH probes targetting intronic as well as exonic se-
quences, since the secondary siRNA loaded by NRDE-3
will be restricted to exonic sequences. Worms were grown at
20°C on dsRNA-containing NGM plates, then fixed in 4%
formaldehyde/PBS for 45 min at room temperature, washed
twice with PBS then incubated in 70% ethanol overnight
at 4°C to allow permeabilization. Embryos were equili-
brated for 5 min with wash buffer (WB) containing 10%
formamide and 2x saline-sodium citrate (SSC), then hy-
bridized in hybridization buffer (10% formamide, 2x SSC,
100 mg/ml dextran sulfate, 1 mg/ml Escherichia coli tRNA,
2 mM vanadyl ribonucleoside complex, 0.2 mg/ml BSA)
containing 0.125 wM of probes labelled with Quasar 670,
overnight at 37°C. Following hybridization, samples were
washed twice with WB including 30 min incubation at 37°C
during the second wash then washed once in 2x SSC buffer
before being mounted in Vectashield Mounting Medium
with DAPI (centrifugation steps were done at 5000g). Imag-
ing was performed on a spinning disk confocal microscope.

smiFISH

The protocol was adapted for C. elegans from the original
publication (14).

As for smFISH, we used intronic and exonic probes;
smiFISH secondary probes were labelled with cy5. Mixed
stages worms were fixed in 4% formaldehyde in 1x PBS
for 45 min; rinsed twice in PBS, then permeabilized in 70%
ethanol at 4°C overnight. They were then rinsed in 15% for-
mamide in 1x SSC, then incubated at room temperature
for 30 min, before addition of the hybridization mix (2.5 pl
20x SSC, 0.8 pl 20 g/l S. cerevisiae tRNA, 7.5 pl for-
mamide, 1pl probe duplexes, 24 pl H,O, 0.5 pl 200 mM
vanadyl ribonucleoside complex, 13.2 ul 40% dextran sul-
fate) then incubated at 37°C overnight. Worms were then
rinsed twice in 15% formamide in 1x SSC for 30 min,
washed in PBS, and finally mounted in Vectashield. Images
were acquired at laser power at 0.4 mW at 515 nm; 0.6 mW
at 642 nm; 10.2 mW at 405 nm.

Image analysis

Image analysis was performed in Fiji; transcription spot
measurements were performed in trackmate (15), on full
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stacks for tfx-3 and hsp-4 timelapses and ilh-1 images, and
maximum intensity Z projection for /-1 timelapses. Fluo-
rescent NRDE-3 spots were automatically segmented and
tracked with a diameter of 1m, with subsequent man-
ual editing of tracks. For background subtraction, a sim-
ilar sized spot was segmented in immediate proximity in
the nucleus, and its mean intensity substracted from that of
the segmented spot. To differentiate between tracking errors
and transcription site disappearance, a spot was counted as
absent if we were unable to observe it for more than two
timeframes. Subsequent analysis was performed in R.

qPCR

Gravid adults were bleached, and synchronized larvae were
plated on dsRNA-expression plates with bacteria express-
ing dsSRNA against hlh-1 or GFP. Worms were harvested
for RNA purification at the L4 stage using lysis reagent
(Qiazol, Qiagen) according to manufacturers instructions.
mRNA was reverse transcribed using SuperScript III Re-
verse Transcriptase (invitrogen). Quantitative PCR was car-
ried out in CFX96 from Bio-Rad detection system with
SYBR Green Master Mix (invitrogen) in 20 pl total volume
reaction. Primers used to quantify A/h-1 span exons and in-
tron boundaries, to be specific to pre mRNA, and do not
match the dsRNA used.

tha-1: TCAACACTGCCATCGCCGCC/TCCAAGCG
AGACCAGGCTTCAG; hih-1: ACACTGACAAGTTT
CGCTGC/GAGAGCTTGAGCTTCTCCCC

Three independent biological samples were carried, each
of which was measured in 3 technical replicates.

RESULTS
Principle of the method

In the C. elegans exogenous RNA1 pathway, exogenous dou-
ble stranded RNA from the environment are recognized
and processed into small interfering RNAs that are then
loaded onto the primary Argonaute RDE-1 and bind to
the target mRNA (Figure 1A). RDE-1 does not cleave the
transcript (16), but recruits two protein complexes: RDE-
8 (17) and RDE-12 (18,19), that degrade the target tran-
script, and induce recruitment of the RNA-dependent RNA
polymerase (RdARP) RRF-1 (20). This polymerase synthe-
sizes secondary single-stranded triphosphorylated siRNAs
starting with a guanine, known as 22G siRNAs, comple-
mentary to the target mRNA, that tile over the transcript
length, starting 5 of the primary siRNA trigger (21,22).
These 22G siRNAs are loaded into a nematode-specific
family of secondary Argonautes (23,24) known as WAGO,
mostly expressed in the germline, with the exception of the
nuclear Argonaute NRDE-3 (25), expressed in the soma.
Once NRDE-3 loads a 22G siRNA, it translocates from
the cytoplasm to the nucleus, where it binds to the nascent
transcript and recruits NRDE-2 (26), leading to blocking
of transcript elongation, as well as chromatin modification
through recruitment of NRDE-1 and NRDE-4 (27).

To label active transcription sites, we took advantage
of this specific binding of NRDE-3 to nascent transcripts.
We introduced two mutations (Figure 1A, orange): nrde-
2(gg95 ), a putative null deletion allele to prevent the block-
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ing of transcript elongation (26); and eri-1(mg366), to
block the endogenous RNAI pathway that competes with
the exogenous RNAi pathway for 22G siRNA synthesis
(25). We do not expect these mutations to extensively in-
terfere with biological processes: the eri-1(mg366) mu-
tation, which blocks endogenous 26G RNAIi pathway, is
widely used to enhance RNAI efficiency and is therefore well
characterized. 26G siRNAs can be divided in two classes:
class I restricted to spermatogenesis, and class II present in
embryos and larvae, mostly targetting recently duplicated
genes and pseudogenes (28,29). The mutation in nrde-2,
blocking the nrde pathway, has been described as reducing
brood size (26) and inducing germline mortality at 25°C
(30), but otherwise not associated with gross defects. Tar-
gets of the nrde pathway, downstream of 26G siRNAs, are
limited and mostly represent repetitive genomic loci (31).
NRDE-3 was tagged at the N-terminal end with a fluores-
cent protein (YFP or NeonGreen). After exposing worms
to double-stranded RNA matching the sequence of a tar-
get transcript, and in the absence of transcriptional silenc-
ing due to the nrde-2(—) mutation, we expect to observe
nuclear localization of fluorescently-labelled NRDE-3, and
accumulation of NRDE-3 at transcription sites.

This method takes advantage of several specificities of
C. elegans small RNA pathways: the dsRNA uptake path-
way (through the SID-2 (32) and SID-1 (33) dsRNA trans-
porters), which allows easy delivery of dsSRNA against any
gene of interest in the entire animal by feeding; the RARP
complex, which synthesizes a set of 22G siRINAs antisense
to the transcript of interest, 5 from the siRNA site; exis-
tence of the cleavage-deficient nuclear Argonaute NRDE-
3, that can accumulate on the nascent transcript; and the
availability of genome-wide dsRNA-synthesizing bacteria
libraries (12).

Validation of the method

In the absence of endogenous RNAi due to eri-1(—), we ob-
served cytoplasmic localization of NRDE-3 in the major-
ity of tissues, as previously described (25). In the germline,
early embryo and intestine, however, we observed nuclear
localization in the absence of exogenous dsRNA, reveal-
ing the presence of an alternate source of 22G siRNAs in
these tissues (Supplementary Figure S1). When worms were
exposed to dsRNA matching the sequence of the muscle-
specific transcription factor hlh-1, the C. elegans orthologue
of MyoD, by feeding, we observed nuclear localization of
NRDE-3 specifically in muscle cells (Figure 1B; white ar-
rowheads), as previously described (25). While in an eri-
1(—) background, nuclear localization of NRDE-3 spread
to all cells after a few days (25), we did not observe such
generalized nuclear localization in the eri-1(-); nrde-2(—)
background. In a subset of muscle cells, we observed one
or two bright spots in the nucleus, which we hypothesized
to correspond to active Alh-1 transcription sites (Figure 1B,
red arrowheads). To demonstrate that these nuclear spots
are indeed active transcription sites, we performed fluores-
cent in situ hybridization targeting ilh-1 intronic and exonic
sequences, and observed colocalization with YFP::NRDE-
3 (Figure 1C; arrowheads), thus validating the principle of
our method. To show that these foci were dependent on
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Figure 1. Fluorescent NRDE-3 labels active transcription sites. (A) Simplified C. elegans RNAi pathway, as modified in our method. The exo-RNAi
pathway is unaffected; the endo-RNAIi pathway (upper right; greyed out) is abrogated by a mutation in ERI-1b (orange); and transcriptional silencing by
the nuclear RNAI pathway (bottom right, greyed out) is blocked by a mutation in NRDE-2 (orange). NRDE-3 is labelled with a fluorescent protein (FP).
(B) Labelling of i/h-1 transcription sites in larval head muscles (L4 stage). Muscle nuclei (white arrowheads) show nuclear localization of YFP::NRDE-3,
while other tissues show cytoplasmic localization. In some of these nuclei, one or two bright foci (red arrowheads) are visible. Insert: enlargement of three
nuclei. (C) Colocalization of smFISH signal and YFP::NRDE-3. SmFISH probes matching /1/4-1 exonic and intronic sequences localize at the transcription
sites. YFP::NRDE-3 localizes to the nucleus of muscle cells, and accumulates at foci coinciding with smFISH spots. (D) YFP::NRDE-3 foci are sensitive
to amanitin. After exposure to a-amanitin, YFP::NRDE-3 foci were no longer observable. (E) dsSRNA matching multicopy genes induce localization of
YFP::NRDE-3 at multiple foci. dSRNA against the sequence of /is-13 also matches the sequence of other histone genes, at multiple clusters across the
genome. Worms fed with dsRNA matching multiple genes displayed more than two and up to eight YFP::NRDE-3 foci, in multiple tissues (somatic gonad,

hypodermis). Insert: one developing somatic gonad nucleus with seven foci.
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transcription, we tested the disappearance of foci after ex-
posure to an RNA polymerase II inhibitor. In worms ex-
posed to the Pol II inhibitor a-amanitin (34), 2/510 nu-
clei showed foci, while in untreated worms, we observed
foci in 81/471 nuclei (Figure 1D). Finally, when worms
were exposed to dSRNA matching the sequence of highly
conserved histone genes at multiple locations across the
genome (ZK131.7, his-13), we observed more than two,
and up to eight spots per nucleus (Figure 1E), as expected
from the transcription site labelling of multiple histone
genes. The nuclear foci therefore reflect active transcription
sites.

This labelling method, to be useful, should minimally
interfere with the processes it aims to image. One possi-
ble concern is interference from the tagged NRDE-3 on
transcription of the gene of interest. To verify the absence
of transcriptional silencing in the nrde-2(—) genetic back-
ground, we performed a qRT PCR on the //A-1 pre-mRNA,
and found no evidence of downregulation in presence of
dsRNA targeting i/h-1 (Supplementary Figure S2). Our re-
sults agree with previous observations showing little or no
transcriptional silencing in an nrde-2(—) background (26).
Additionally, we do not expect NRDE-3-based labelling to
block splicing, since siRNAs are synthesized in the cyto-
plasm from mature transcripts and should not match the
intron-exon boundaries present in a pre-mRNA. Finally,
while Argonaute proteins do bind with high affinity to their
targets, this should not be sufficient to block translation, as
the similarly strong binding of MCP to the MS2 stem-loop
is insufficient to block the progression of ribosomes (35). A
mutant for NRDE-1, which is required for transcriptional
silencing downstream of NRDE-2 (27), instead of a nrde-2
mutation, also allowed labelling of active transcription sites
(Supplementary Figure S3).

We tested the applicability of this method on multiple
genes, expressed at various levels in multiple tissues, and saw
nuclear localization patterns and foci corroborating inde-
pendently reported expression patterns (Figure 2): wnt lig-
and mom-2 in posterior cells in the mid embryo, matching
expression pattern documented by smFISH (36); transcrip-
tion factor ilh-1 in muscle cells in the late embryo, matching
documented expression patterns (37); the highly expressed
adenosine nuclear transporter ant-1.1 in all tissues; EGF
ligand /in-3 in the anchor cell, matching previous data (38);
GATA transcription factor e/t-2 in the intestine (39); LIM
homeobox transcription factor ¢zx-3 in AI'Y neurons in the
embryo, matching previous data (40), (F. Soulavie and V.
Bertrand, unpublished data). The method worked in most
tissues; we found that we were generally able to observe nu-
clear localization, and in some of these nuclei we observed
foci corresponding to active transcription sites (Supplemen-
tary Table S1). This method did not work, however, with ev-
ery dsRNA tested, and we failed to observe specific nuclear
localization or transcription foci for several genes, such as
the notch-regulated gene sygl-/ in the germline (5). This
likely reflects the variability of RNAI efficiency, depending
on tissues and dsRNA sequence.

Signal intensity will naturally be a function of the number
of fluorescently tagged NRDE-3 bound to the target tran-
scripts. It derives that a longer transcript, with more sec-
ondary siRNAs tiling over its length, will have a brighter
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signal than a shorter transcript. Similarily, since RRF-1
synthesizes siRNAs 5 from the trigger site (Figure 1A),
a short dsRNA, or one targetting the 5" end of the tran-
script, imply a lesser accumulation of fluorescently tagged
NRDE-3 on the transcript, and therefore a weaker signal
than with a full-length dsRNA. Indeed, while using a full-
length dsRNA against ilh-1 we observed clear nuclear foci
(Figure 1B), when using a dsRNA trigger targetting only
the first exon of hlh-1, we observed nuclear localization of
NRDE-3, but failed to observe any nuclear foci.

Optimization of the method

Not all tissues were found to be equally amenable
to transcriptional labelling. When a strain expressing
YFP::NRDE-3 was exposed to dsRNA matching the se-
quence of the fluorescent protein, we would expect every
fluorescent cell to have a strong nuclear signal; however, we
observed that in neurons and pharynx, YFP::NRDE-3 still
localized to the cytoplasm (Figure 3A). These tissues are
known to have low RNAI efficiency, as they do not express
the dsRNA transporter sid-1 (33). Since expressing sid-1 in
these tissues could be sufficient to restore RNAI silencing
by feeding (41), we co-expressed YFP: nrde-3 and sid-1 un-
der the control of the same eef-1 4.1 promoter and observed
improved nuclear localization and labelling of transcrip-
tion sites in neurons and the pharynx (Figure 3B). In addi-
tion, labelling of ¢zx-3 transcription, which already worked
in neurons without sid-1 expression (Figure 2), was signif-
icantly improved with a stronger nuclear localization and
clearer transcription spots (Figure 3C). Nonetheless, the
general efficiency of labelling in neurons and pharynx still
remained lower than in other somatic tissues.

For further optimization of the method, we focused
mostly on the transcription factor Al/h-1 for several reasons:
first, it is transcribed throughout the life of the animal, for
initiation and maintenance of the myocyte fate (42). Sec-
ond, its expression starts relatively early in development, at
least as early as 210 min (37,43), allowing for labelling in
the embryo as well as larval stages. Third, as a transcription
factor, its expression level is relatively low (44), providing a
good test case to evaluate the applicability of our method
to moderately expressed C. elegans genes.

While accumulation of fluorescently labelled NRDE-3 in
the nucleus is useful to identify cells expressing the gene
of interest, proteins not bound to a transcript have the
drawback of increasing the background fluorescence above
which the fluorescent signal at transcription sites needs to
rise to be detectable. It is an important variable to con-
trol in transcriptional imaging: too much of the tagged pro-
tein, the transcription site or individual mRNAs cannot
be seen over background fluorescence; too little, the avail-
ability of the protein may be a limiting factor (45). While
sufficient for snapshot imaging, the YFP::nrde-3 transgene
we used had the drawback of high expression under con-
trol of the eef-1A4.1 promoter, and low photostability, re-
stricting laser power and exposure time, thus limiting its
use for time-lapse imaging. To improve on these points, we
fused NRDE-3 with the more photostable and brighter flu-
orescent protein mNeonGreen (46), under control of the
ubiquitous, medium-level expression rps-27 promoter. With
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Figure 2. NRDE-3 labelling of transcription sites works on multiple genes and tissues. After maternal exposure to mom-2 dsRNA, YFP::NRDE-3 is nuclear
localized in the posterior part (white arrowhead) of the mid embryo, and accumulates at nuclear foci in some of these cells (red arrows). After maternal
exposure to ilh-1 dsSRNA, YFP::NRDE-3 is nuclear localized in muscle cells in the three-fold embryo, and accumulates at one or two transcription sites per
nucleus. After exposure to ant-1.1 dsRNA, all cells in this L4 larva show nuclear localization of YFP::NRDE-3. In some of them (hypodermis, developing
vulva, somatic gonad) transcription foci are visible (red arrows). After exposure to /in-3 dsRNA, the anchor cell at the third larval stage shows nuclear
localization (white arrowhead) and two transcription foci (red arrows). After exposure to e/t-2 dsSRNA, nuclear localization is stronger in the intestine cells
at the second larval stage, and some of them show transcription foci (red arrows). After maternal exposure to 7zx-3 dsSRNA, YFP:NRDE-3 is nuclear
localized in ATY neurons in the comma stage embryo (white arrowheads) and, in one of them, a transcription site is visible.

the improved signal-to-noise ratio, we were able to ob-
serve more frequently transcriptional foci in several tissues
in vivo.

To compare the transcriptional labelling efficiency at the
transcription site between YFP and mNeonGreen tagged
NRDE-3, we performed, in parallel, double labelling with
smiFISH (single molecule inexpensive FISH) (14) target-
ting hlh-1 transcripts, and NRDE-3 fused to YFP or
mNeonGreen with exposure to hlh-1 dSRNA (Supplemen-
tary Figures S4, S5). To limit degradation of fluorescent
protein signal-to-noise ratio, we limited formaldehyde fix-
ation to a maximum of 45 min. While different resistance
of fluorophores to the fixation procedure may affect the re-
sults, it still provides useful information regarding the rela-
tive efficiency of labelling.

When scoring the brightest nuclear smiFISH spot in
each nucleus, most likely representing active transcription
sites, we observed 62% colabelling with YFP::NRDE-3, and
79% with mNeonGreen::NRDE-3 (Supplementary Figure
S5A). When scoring the two brightest spots per nucleus,
we observed 46% colabelling with YFP::NRDE-3 and 58%
with mNeonGreen::NRDE-3 (Supplementary Figure S5B).
mNeonGreen therefore appears to be superior to YFP in
term of sensitivity. We observed positive and significant
correlation of intensity between smiFISH and fluorescent
NRDE-3 signal intensities at transcription sites (Supple-
mentary Figure S5C; mean correlation: 0.42 for YFP; 0.46
for mNeonGreen). Although the fixation procedure and

competition between NRDE-3 and smiFISH probes for
transcript binding may reduce the amount of correlation,
these data indicate that mNeonGreen is better than YFP to
measure activity at transcription sites.

Trimolecular fluorescence complementation allows cytoplas-
mic mRNA labelling

Another approach to reduce background fluorescence is tri-
molecular fluorescence complementation, where a fluores-
cent protein is reconstituted when two proteins bind in close
proximity on a common target, which has successfully been
used to label transcription sites or transcripts with other
RNA binding proteins (8,47-50). We therefore decided to
implement it for the NRDE-3 system. Briefly, the fluores-
cent protein Venus was split in two halves: VenusC and
VenusN, which were fused to the N-terminal end of NRDE-
3. Only when bound in close proximity to the same tran-
script would the two halves of Venus be close enough to
reconstitute a fluorescent protein (Figure 3D). Without ex-
posure to dsSRNA, we observed a low level of nonspecific
fluorescence complementation in the nerve ring, intestinal
nuclei, and associated with the cytoskeleton in seam cells,
but not in other larval or adult tissues. After exposure to
hih-1 dsRNA, we observed fluorescence complementation
in muscle nuclei, and bright foci in many of these nuclei
(Figure 3E), with better contrast in vivo than observed with
the simpler YFP.:nrde-3 transgene.
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Figure 3. Improvements on transcriptional labelling. (A) Neurons and pharynx have less effective RNAi. After exposure to dsRNA against GFP,
YFP::NRDE-3 is nuclear localized in most tissues (white arrowheads: muscle nuclei), but localizes to the cytoplasm in pharynx and neurons. (B) Restoring
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Occasionally, we also observed additional fainter nuclear
spots, possibly representing mRNAs being processed for
export, as well as cytoplasmic spots, which we hypothe-
sized to be cytoplasmic transcripts (Figure 3E). We there-
fore performed co-labelling with smiFISH targeting A/h-1,
and observed colocalization in both nuclei and cytoplasm
(Figure 3F), confirming their nature as cytoplasmic tran-
scripts. We observed co-labelling by NRDE-3 and smiFISH
probes for 82% of cytoplasmic transcripts; a ratio similar
to those observed with double labelling with two smFISH
probe sets targetting the same transcript (14,39,51), indi-
cating efficient and specific labelling of single mRNAs with
NRDE-3. Reconstituted Venus is however less photostable
than the other fluorescent proteins; it is nonetheless possi-
ble to observe movement of cytoplasmic transcripts (Sup-
plementary movie 1).

We also compared the efficiency of transcription site la-
belling between splitVenus, YFP and mNeonGreen. When
scoring the brightest nuclear smiFISH spots in each nu-
cleus, we observed colabelling with splitVenus::NRDE-3 of
56% and 52% of spots (Supplementary Figures S4, S5A, B),
similar to the one observed with YFP::NRDE-3. However,
we observed lower correlation of intensity between smi-
FISH and fluorescent NRDE-3 signal intensity at transcrip-
tion sites than with YFP or mNeonGreen (Supplementary
Figure S5C). The lower correlation could be due to the noise
added by the reconstitution process. Reconstituted Venus is
therefore not more efficient than mNeonGreen for labelling
of active transcription sites, but has the advantage of allow-
ing labelling of cytoplasmic transcripts.

Monitoring transcriptional dynamics

We next applied this method to follow the dynamics of
transcription over time in living animals. To determine
whether our method allows the quantification of transcrip-
tional activity over time, we tested whether we could ob-
serve the induction of chaperone /sp-4 (a HSPAS ortho-
logue) expression by heat shock. While, at 20°C, some ex-
pression of hsp-4 is sufficient for nuclear localization of
mNeonGreen::NRDE-3 after exposure to /sp-4 dsRNA,
no transcription spot is visible (Figure 4A, top panel). Af-
ter heat shock at 30°C, transcription sites become visi-
ble around 24 min after beginning of heat shock (Figure
4A, middle panel), and are bright and present in every
cell by 68 min (Figure 4A, bottom panel; supplementary
movie 2). Some nuclei had more than two spots, due to the
polyploid nature of epidermal nuclei and existence of par-
alogues of hsp-4. The intensity of active Asp-4 transcription
sites increases over the course of heat shock (Figure 4B).
This demonstrate that our method can be used to monitor
changes in gene expression over time.

We next tested whether our method was able to track
moderately expressed, and temporally and spatially regu-
lated genes, such as transcription factors. We first exposed
nematodes expressing YFP::NRDE-3 and SID-1 in all tis-
sues to dsSRNA against the transcription factor ##x-3, an
LHX-2/9 orthologue necessary for acquisition of the AI'Y
neuronal fate, and imaged their progeny at intervals of 4
min, to minimize bleaching; we used this specific line to
increase efficiency in the nervous system. We observed, in
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embryos, nuclear localization of the fluorescent signal in
ALY neurons and followed transcriptional spots during em-
bryonic development (Figure 4C; supplementary movie 3).
By tracking the intensity over time, we were able to mea-
sure transcriptional activity in multiple embryos (Figure
4D) and observed a relative stability when considering the
average over multiple embryos, while individual spots dis-
play important fluctuations. This suggests the existence of
intrinsic noise at individual #7x-3 loci. We next analysed
dynamics of the transcription factor Alh-1, to evaluate the
possibility of tracking transcription in multiple nuclei si-
multaneously. To improve the signal-to-noise ratio, reduce
phototoxicity and bleaching, we used a strain expressing
mNeonGreen::NRDE-3. We imaged worms at the L4 stage
for 2 h and recorded the intensity of nuclear foci over time.
We were able to follow the appearance and disappearance
of transcriptional spots, and quantify changes in intensity
(Figure 4E; supplementary movie 4). There were also brief
troughs in transcription or complete disappearance of tran-
scription spots, which could mean an absence of transcrip-
tion or a transcription level below detection limit (Figure
4E, nuclei 2 and 3). In nuclei where we observed two tran-
scription spots (Figure 4E, nucleus 3), we saw no correlation
in intensity fluctuation between the two loci. As for 7x-3,
this suggests that transcription at individual A/A-1 loci un-
dergoes random fluctuation.

To quantify expression noise, the coefficient of variation
has been shown to be a reliable indicator (52). While the av-
erage coefficient of variation was similar in all three cases
(hsp-4:0.97; ttx-3: 0.85; hih-1:0.65), the dynamics were dif-
ferent for the three genes. For /hsp-4, we observed that the
coefficient of variation consistently decreased over time, as
the average expression level increased (Supplementary Fig-
ure S6A), consistent with the general observation that ex-
pression noise tends to decrease when expression level in-
creases (53,54). This is not observed for transcription fac-
tors ttx-3 and hlh-1, where the mean expression stays con-
stant (Supplementary Figure S6B, C). Taken together, these
data illustrate that this method can be used to monitor tran-
scriptional dynamics.

DISCUSSION

Here, we developed and applied a novel method to image
transcription in C. elegans. This is, to our knowledge, the
first dynamic imaging of transcription, without modifica-
tion of the gene of interest, in a live animal. We took advan-
tage of the C. elegans RINA1 pathways and tools to program
NRDE-3 to bind to the transcript of interest. This approach
makes it a fast and inexpensive method, bypassing the need
for in vitro synthesis of antisense RNAs and their delivery
into cells of interest. Our approach offers several advantages
over current in vivo transcription imaging methods. It does
not require modification of the transcript of interest, which
could perturb the system and cannot be easily scaled up. In
addition, our method induces binding of multiple fluores-
cent proteins to each target transcript from a single dSSRNA
trigger, allowing detection of low quantities, down to sin-
gle mRNA molecules. This result would be difficult to ob-
tain with methods relying on programmable proteins such
as Pumilio, Cas9 or Casl3, which would require the intro-
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duction of either multiple programmed Pumilio transgenes
or long RNAs.

Although powerful, this method has several identified
limitations. Because synthesis of 22G siRNAs is down-
stream of primary RNAI, which requires transcript cleavage
by RDE-8/12 complexes to recruit the RARP complex (Fig-
ure 1A), some level of post-transcriptional silencing can still
be present. To mitigate this silencing of target genes when
necessary, such as with ant-1.1, we reduced the amount of
dsRNA ingested by diluting the dsRNA-expressing bacte-
ria of interest with bacteria expressing a dsSRNA not match-
ing any C. elegans sequence. Another limitation, as previ-
ously stated, is that this method requires mutations in eri-/
and nrde-2; while we do not expect it to severely affect bi-
ological processes, there are nonetheless events that would
need to be studied in a wild-type background. Additionally,
because the target gene needs to be already expressed for
synthesis of 22G siRNAs to proceed, there exists a delay
between the first initiation of transcription of the gene of
interest and translocation of fluorescently labelled NRDE-
3 to the nucleus, allowing for labelling of transcription sites.
While this approach greatly facilitates the labelling of tran-
scripts, it still requires image acquisition and analysis, and
is therefore not a high throughput method. Finally, we can-
not affirm that NRDE-3 does not affect export and stability
of the target mRNA; however, transcripts are not blocked
from export out of the nucleus (Figure 3F).

The expression patterns we observed with NRDE-3 la-
belling are consistent with data independently obtained by
other teams. Comparisons with smFISH or smiFISH la-
belling of hlh-1 transcripts, the most accurate mRNA vi-
sualization methods, indicate that NRDE-3 labelling accu-
rately represents endogenous expression and transcript lo-
calization (Figures 1C, 3F; Supplementary Figure S4), with
good efficiency. In the absence of a preexisting method to
follow transcriptional dynamics of unmodified genes in live
animals, it is more difficult to establish directly validating
comparisons for the transcriptional dynamics we observed.
Nonetheless, transcriptional dynamics of other genes ob-
served in whole animals with the MS2-MCP reporter trans-
gene system revealed stochastic fluctuations of the notch
target gene sygl-1 in the C. elegans germline (5); or the eve
stripe 2 enhancer in the early D. melanogaster embryo (3).
The dynamics here reported for transcription factors z7x-3
and hlh-1, with random fluctuation at individual loci, are
consistent with those observed for other genes involved in
fate determination. Our method will allow us, among other
things, to study the dynamics of terminal transcription fac-
tors responsible for cell fate acquisition, and how variability
in their transcription affects fate specification and mainte-
nance.

While this method was developed in C. elegans, it could
be transposed to other organisms, with adjustments to ac-
count for divergence of RNAIi pathways. Nuclear RNAI
pathways have been described in other organisms (55,56),
and it may be possible to introduce different components
of the pathway, such as synthetic triphosphorylated small
RNAs. However, it remains to be seen whether it could be
efficiently adapted to other organisms. Beyond its use as an
imaging platform, we demonstrated the usefulness of the
Argonaute NRDE-3 as a general purpose, highly specific,
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RNA programmable RNA binding protein, which opens
multiple possible applications for transcriptome engineer-
ing (57). Argonautes bind with high affinity and specificity
to their target mRNAs (58), making it a tool of choice to be
developed further. While previous attempts at protein com-
plementation with Argonaute proteins in vitro did not give
specific results (59), the success of trimolecular fluorescence
complementation on transcripts shows that NRDE-3 could
also be used for split protein complementation in vivo, for
example to activate proteins only in target cells or at specific
genomic loci (60,61).

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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