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INVESTIGATION

Nanoluciferase-Based Method for Detecting Gene
Expression in Caenorhabditis elegans

Ivana Sfarcic, Theresa Bui, Erin C. Daniels, and Emily R. Troemel’
Division of Biological Sciences, University of California, San Diego, La Jolla, California 92093

ORCID IDs: 0000-0001-5681-5688 (1.S.); 0000-0003-2422-0473 (E.R.T.)

ABSTRACT Genetic reporters such as the green fluorescent protein (GFP) can facilitate measurement of promoter activity and gene
expression. However, animal autofluorescence limits the sensitivity of GFP and other fluorescent reporters in whole-animal settings like
in the nematode Caenorhabditis elegans. Here, we present a highly sensitive Nanoluciferase (NanoLuc)-based method in a multiwell
format to detect constitutive and inducible gene expression in C. elegans. We optimize detection of bioluminescent signals from
NanoLuc in C. elegans and show that it can be detected at 400,000-fold over background in a population of 100 animals expressing
intestinal NanoLuc driven by the vha-6 promoter. We can reliably detect signal in single vha-6p::Nanoluc-expressing worms from all
developmental stages. Furthermore, we can detect signal from a 1/100 dilution of lysate from a single vha-6p::Nanoluc-expressing
adult and from a single vha-6p::Nanoluc-expressing adult “hidden” in a pool of 5000 N2 wild-type animals. We also optimize various
steps of this protocol, which involves a lysis step that can be performed in minutes. As a proof-of-concept, we used NanolLuc to monitor
the promoter activity of the pals-5 stress/immune reporter and were able to measure 300- and 50-fold increased Nanoluc activity after
proteasome blockade and infection with microsporidia, respectively. Altogether, these results indicate that NanoLuc provides a highly

sensitive genetic reporter for rapidly monitoring whole-animal gene expression in C. elegans.

KEYWORDS Nanoluciferase; C. elegans intestine; intracellular pathogen response; genetically encoded reporter; luminescence

ENETICALLY encoded reporters are important tools to

monitor gene expression and provide faster read-outs
than other methods. For example, promoter-driven repor-
ters are often used as proxies for assessing messenger RNA
(mRNA) expression, and are faster than more direct measure-
ments of mRNA expression, such as quantitative RT-PCR
(qRT-PCR) or single-molecule fluorescence in situ hybridiza-
tion. In Caenorhabditis elegans, genetic reporters have tradi-
tionally been introduced into the genome as multicopy arrays
that contain 100-1000 copies (Mello et al. 1991). While mul-
tiple copies of a transgene can increase the reporter signal, a
small RNA-mediated process called transgene silencing often
reduces expression from these multicopy reporters in C. ele-
gans (Minkina and Hunter 2018; De-Souza et al. 2019). Be-
cause of this phenomenon, measurement of reporter gene
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expression in C. elegans can be confounded by factors that
regulate transgene silencing instead of regulating expression
of the gene of interest itself. Generation of low-copy array
strains (Schweinsberg and Grant 2013), or integration of
reporters as single-copy transgenes via Mosl-mediated
single-copy insertion (MosSCI) or clustered regularly inter-
spaced short palindromic repeats/Cas9 (Frgkjaer-Jensen
et al. 2008; Dokshin et al. 2018), can reduce or eliminate
silencing, but has the disadvantage of producing lower sig-
nals than multicopy transgenes (Mendenhall et al. 2015).
The most commonly used genetically encoded reporters in-
clude fluorophores like the green fluorescent protein (GFP).
Unfortunately, weak-background fluorophores present in
multicellular organisms can decrease the overall sensitivity
of such fluorophore-based assays. In particular, gut granules
of the C. elegans intestine are highly autofluorescent and can
hamper the measurement of gene expression from this tissue
(Teuscher and Ewald 2018). Thus, there is a need for genet-
ically encoded reporters in C. elegans with better overall sig-
nals than fluorophores like GFP.

In contrast to fluorescent reporters, bioluminescent re-
porters generate de novo light without the need for external
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Table 1 Transgenic reporter strains used in this study

Strain Genotype
ERT412 unc-119(ed3) Ill; jySi20[vha-6p::strepll:: 3XFLAG::
GFP::let-858 3’ UTR; cb-unc-119(+)] Il
ERT513 unc-119(ed3) Ill; jySi35[vha-6p::Nanoluc::unc-54
3" UTR; unc-119 (¥ Il

ERT529 unc-119(ed3) Ill; jySi40[vha-6p::Nanoluc::
3XFLAG::unc-54 3' UTR; unc-119 (¥)] Il

ERT729 unc-119(ed3) Ill; jySid44[pals-5p::Nanoluc::unc-54

3" UTR; unc-119 (H)] Il

excitation through photons, and they are highly sensitive
with a broad dynamic range (Thorne et al. 2010). The bio-
luminescent signal is generated through oxidation of a sub-
strate (luciferin) by a luciferase enzyme and there are many
luciferin/luciferase pairs. These reporters are commonly used
in mammalian systems and less often in C. elegans. To date,
the ATP-dependent firefly luciferase has been used in C. ele-
gans to measure mitochondrial function, larval molting,
feeding behavior, and circadian rhythm, and also to moni-
tor viral infection (Lagido et al. 2015; Olmedo et al. 2015;
Palikaras and Tavernarakis 2016; Gammon et al. 2017).
While the ATP dependence of firefly luciferase is a means to
monitor mitochondrial activity, the requirement for ATP ham-
pers the ability of this luciferase to accurately investigate
other processes like gene expression, because a lack of signal
may simply reflect lowered ATP levels in the cell (Brock
2012). Therefore, the use of highly sensitive, ATP-independent
luciferases would facilitate broader use of bioluminescent re-
porters in C. elegans.

In this study, we establish the ATP-independent Nano-
luciferase (NanoLuc) as both a constitutive and inducible
genetically encoded luciferase reporter in C. elegans. Nano-
Luc was developed by Promega (Madison, WI) (Hall et al.
2012), who optimized a subunit of the Oplophorus gracilir-
ostris deep sea shrimp luciferase to generate a reporter
with small size, high physical stability, and high brightness.
Promega further recommends the use of the coelenterazine
2-furanylmethyl-deoxy-coelenterazine (furimazine) as a
substrate for NanoLuc to achieve a high luminescent signal
with increased half-life and decreased autoluminescence
compared to other luciferase/luciferin pairs. The 19-kDa
monomer NanoLuc exerts an ATP-independent glow-
type blue signal (emission maximum 460 nm) with a half-
life > 2 hr. Compared to firefly and Renilla luciferases,
NanoLuc emits a ~150-times-brighter signal, has better
assay stability at higher temperatures, and operates at a
wider pH range and in the presence of urea (Hall et al.
2012). NanoLuc has been used for several applications in
non-C. elegans systems, like mammalian cells (England
etal. 2016). Here, we used the MosSCI technique to generate
single-copy reporter strains that have constitutive and induc-
ible expression of NanoLuc in C. elegans. We used these
strains to develop a sensitive and quantitative plate-based
assay that has the ability to detect a bioluminescent signal
in a fraction of a worm constitutively expressing NanoLuc,

1198 |. Sfarcic et al.

>

DIC + green
DIC + green

C 20,000 10,000 1,000 100 adults
m/ Intact Worms
2,000,000 E Worm Lysate
1,500,000+ = Worm Lysate
1,000,000
500,000
> 45,0004
-
4
S 30,000
-
[T
© 15,000
7,500
5,000
2,500
o W R Y o & & Vo DQANAQ f\,
o R & o & R o o
e(g ege@\s 4 eé“%@@ SRS e¢§> e-é N i
FEF FEF F8FFEF
F ¥ &£ £ &5 &

Figure 1 Nanoluc sensitivity exceeds GFP sensitivity on a plate reader.
Fluorescence microscopy images show strong intestinal expression of GFP
in vha-6p::GFP transgenic C. elegans (B), but not in N2 adults (A). Images
obtained by DIC microscopy with GFP fluorescence overlay. (C) Fluores-
cent signals (RFU, green) or luminescent signals (RLU, blue) measured on
a plate reader from intact young adult worms, and worm lysates of either
N2, vha-6p::GFP, or vha-6p::Nanoluc animals. RFU was measured with
485-nm excitation and 520-nm emission filters using 10 flashes per well
and cycle. RLU was measured for 1 sec, 10 min after addition of furima-
zine (Nano-Glo reagent, Promega) without filters. n = 2—4 trials for each
condition. Error bars are SD; ** P < 0.01 and * P < 0.05. Nanoluc,
Nanoluciferase; ns, not significant; RFU, relative fluorescent units; RLU,
relative luminescent units.

and to detect induction of NanoLuc being driven by an im-
mune-/stress-regulated promoter.

Materials and Methods
C. elegans strains and culture

N2 was used as the wild-type strain. Transgenic reporter
strains ERT412, ERT513, ERT529, and ERT729 are described
in Table 1. All transgenic strains carry single-copy insertions
on chromosome II introduced by the MosSCI method
(Frgkjaer-Jensen et al. 2008) and were backcrossed at least
three times before use. All C. elegans strains were maintained
at 20° on Nematode Growth Media (NGM) plates seeded
with Escherichia coli OP50-1 bacteria according to standard
methods (Brenner 1974). Stocks of synchronized, starved
first larval-stage (L1) animals were generated by bleaching
gravid adults (Emmons et al. 1979).
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Figure 2 Nanoluc signal can be detected throughout the C. elegans life

cycle. (A) Bioluminescent signal measured in undiluted and diluted lysates of

single vha-6p::Nanoluc or vha-6p::Nanoluc::3XFLAG adults, and N2 adults. Error bars are SD, ** P < 0.01. (B) Background signal of black 96-well assay
plate determined with buffers, reagents, and N2 lysate. Bead-beating in microfuge tubes with silicon carbide beads performed for 5 min at 4°. Error bars
are SD (n = 3). (C) Signals from worm lysate aliquots from the same sample measured in multiple wells of a black 96-well assay plate (wells B10, C10,
D10, and E10). (D) Each dot is the signal from a single worm. Data show robust NanoLuc activity in lysates of vha-6p::Nanoluc adults throughout the life
cycle, but not N2 adults. Error bars are SD; **** P < 0.0001 and *** P < 0.001. NanoLuc, Nanoluciferase; NGR, Nano-Glo reagent; RLU, relative

luminescent units.

Fluorescence microscopy

Worms were anesthetized with 10 mM levamisole in M9
buffer and mounted on 5% agarose pads for imaging. Images
were captured with a Zeiss ([Carl Zeiss], Thornwood, NY)
Axio Imager M1 using similar exposure times for differential
interference contrast (DIC) and GFP measurements for both
images in Figure 1, A and B.

GFP measurement on plate reader

For both N2 and ERT412, synchronized L1s were grown to the
adult stage at 20°, and GFP was measured in either intact
animals or in lysate from disrupted animals. In both cases,
animals were first washed with M9 with 0.1% Tween
20 (M9-T) to remove excess OP50-1. For measurement of in-
tact animals, 100, 1000, 10,000, or 20,000 young adults in
200 pl M9-T were transferred to a black 96-well assay plate
with a clear bottom. To prepare worm lysates, 100, 1000,
10,000, or 20,000 young adults in 210 pl M9-T with protease
inhibitor (Roche, cOmplete mini, EDTA-free) were vortexed
on a Disruptor Genie vortexer (Scientific Industries) in micro-
fuge tubes with 15-20 silicon carbide beads (#11079110sc;
BioSpec Products, 1-mm diameter) for 5 min at 4°. These

vortexed samples were spun at 20,000 X g for 5 min, and then
200 pl of the worm lysate was transferred to a black, clear-
bottomed 96-well assay plate (#3603; Costar). Fluorescent
signals in intact and lysed worms were measured on a NOVOstar
plate reader (BMG Labtech), detecting 10 flashes per well
and cycle using a 485-nm excitation and a 520-nm emission
filter. M9-T was used as a blank for measurements of intact
animals, and M9-T vortexed with silicon carbide beads was
used as a blank for measurements of lysates.

NanolLuc assay in C. elegans

A step-by-step protocol can be found at: dx.doi.org/10.17504/
protocols.io.7mhhk36.

Growing up and harvesting worms: For all NanoLuc As-
says, synchronized L1s were grown at 20° on NGM plates
seeded with E. coli OP50-1. L1s were harvested after 4 hr,
L2s after 20 hr, L3s after 29 hr, L4s after 44 hr, and young
adults 52 hr after plating. Worms were harvested by
washing off NGM plates with M9-T. If not indicated other-
wise, all spins to settle worms were performed at 2,000 X g
for 1 min.

Nanoluciferase in C. elegans 1199
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Preparing worm lysates: To prepare worm lysates of 100,
1000, 10,000, or 20,000 N2 and ERT513 young adults for
Figure 1, worms were harvested and washed with M9-T.
After centrifugation, the total volume including the pellet
was reduced to 300 pl by removing the supernatant to the
300-p1 label on the tube. Then, 300 wl of 1X lysis buffer
with protease inhibitor (50 mM HEPES pH 7.4, 1 mM EGTA,
1 mM MgCl,, 100 mM KCl, 10% glycerol, 0.05% NP40,
0.5 mM DTT, and protease inhibitor: cOmplete Cat#
11836170001; Sigma [Sigma Chemical], St. Louis, MO)
were added. After spinning down the worm pellet, the su-
pernatant was reduced to 250 pl. The samples were then
vortexed on a Disruptor Genie vortexer (Scientific Industries)
with 15-20 silicon carbide beads in microfuge tubes for 5 min
at 4°. The ground samples were spun down at 20,000 X g for
5 min and 200 pl of the worm lysate was transferred to a
black, clear-bottomed 96-well assay plate. Nano-Glo reagent
(#N1110; Promega, Nano-Glo Luciferase Assay System) was
prepared as per the manufacturer’s instructions (50 volumes
Nano-Glo Buffer and one volume Nano-Glo substrate) and
50 wl were added to each sample using a repeater pipette.
Worm lysate and Nano-Glo reagent were briefly resuspended
by pipetting up and down with a multichannel pipette.

To prepare worm lysates of 100 and 5000 N2, ERT513, or
ERT529 worms for Figure 3, Figure 5, and Figure 6, animals
were harvested and washed with M9-T. Each worm pellet
was spun down and the supernatant was removed to the
100-p] mark on the tube. Next, 300 wl of 1X lysis buffer with
protease inhibitor were added and, after spinning the sam-
ples down, the volume was reduced to 100 wl. Then, the
samples were vortexed on a Disruptor Genie vortexer with
~10-15 silicon carbide beads for 4 min at 4°. The samples
were spun down at 20,000 X g for 1 min and 50 p.l of worm
lysate were transferred to black, clear-bottomed 96-well as-
say plates. To each sample, 25 pl of freshly prepared Nano-
Glo reagent were added.

To prepare worm lysates of single worms for Figure 2 and
Figure 4, an eyelash pick was used to transfer individual N2,
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ERT513, or ERT529 worms to microfuge tubes prefilled with
80 pl 1X lysis buffer. Next, 5-10 silicon carbide beads were
added and samples were vortexed on a Disruptor Genie vor-
texer for 4 min at 4°. The samples were spun down at
20,000 X g for 1 min and 50 pl of worm lysate were trans-
ferred to black, clear-bottomed 96-well assay plates. To pre-
pare dilutions, wells were prefilled with appropriate amounts
of 1X lysis buffer and worm lysate was added to a total
volume of 50 pl. To each sample, 25 pl of freshly prepared
Nano-Glo reagent were added.

For storage experiments in Figure 4B, worm lysates were
frozen at —80° in 1X lysis buffer. Worm lysate samples were
either placed at —80° immediately after harvesting or first
flash frozen in liquid N2 for a couple of seconds. To measure
the bioluminescent signal, samples were thawed at room
temperature and signal was obtained as previously described.

NanoLuc assay measurements: The assay plate was agitated
for 10 min at room temperature and luminescent signal was
detected on a NOVOstar plate reader for 1 sec without filters.
Unless indicated otherwise, the optimal gain across the plate
was determined from the sample with the highest luminescent
signal. For a blank, 1X lysis buffer vortexed with silicon car-
bide beads and Nano-Glo reagent were used.

Unless indicated otherwise, all assays were measured using
black, clear-bottomed 96-well assay plates (#3603; Costar)
and signals were read from the bottom. The reading signal
from the top was tested in black plates and in opaque white
plates (#3912; Costar) for Figure 5 and Supplemental Mate-
rial, Figures S1 and S2.

Comparing NanoLuc signal in intact and lysed worms
for Supplemental Figure 1: First, 10,000 pals-5p::GFP (not
expressing NanoLuc, jyIs8) or vha-6p::Nanoluc (ERT513) adult
worms were harvested into 15-ml tubes, and washed with
MO-T to remove residual bacteria. After spinning the worm
pellet down, the supernatant was reduced to the 1-ml marking
on the tube, and 1 ml of 2X lysis buffer with protease inhibitor
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was added to generate a worm suspension with 5 worms/ul. To
measure the signal in 100 intact worms, 20 .l of worm suspen-
sion and 30 wl of 2X lysis buffer were combined in wells of an
opaque white 96-well plate. To measure the signal in 100 lysed
worms, 20 w1 of worm suspension, 40 .l of 2 lysis buffer, and
five silicon carbide beads were combined in microfuge tubes
and vortexed on a Disruptor Genie vortexer for 4 min at 4°. The
samples were spun down at 20,000 X g for 1 min and 50 pl
of worm lysate were transferred to an opaque white 96-well
assay plate. To each sample, 50 pl of freshly prepared Nano-
Glo reagent were added. The assay plate was agitated at room
temperature, and luminescent signal was detected after 10
and 60 min on a NOVOstar plate reader for 1 sec without
filters. Two measurements were performed at each time point,
using either the optimal gain 2662 across all samples or the
maximum gain 4095. For a blank, 2X lysis buffer vortexed with
silicon carbide beads and Nano-Glo reagent was used.

Preparing worm lysates directly in 96-well assay plates for
supplemental Figure 2: First, 100 pals-5p::Nanoluc- or vha-
6p::Nanoluc-expressing adult worms were harvested into
1.5 ml tubes, and washed with M9-T to remove residual bac-
teria, after which the supernatant was reduced to a volume of
100 pl. To prepare worm lysates, five silicon carbide beads
were added and the samples were vortexed on a Disruptor
Genie vortexer for 4 min at 4°. Then, the samples were spun
down for 1 min at 20,000 X g, and 50 pl of the supernatant
were transferred to an opaque, white 96-well assay plate. To
prepare worm lysate directly inside a well of an assay plate,
the 100-w] worm suspension was transferred into a well of an
opaque, white 96-well assay plate. Five silicon carbide beads
were added; the plate was sealed with sealing tape (Cat#

MSB1001; Bio-Rad, Hercules, CA), fastened to a vortexer
using an attachment (Cat# 504-0233-00 Model H301; Sci-
entific Industries), and vortexed for 4 min at 4°. Then, the
plate was spun down at maximum speed for 1 min, after which
50 pl of the supernatant were transferred to a fresh well.
Luminescent signal was measured in lysate prepared in micro-
fuge tubes or lysate (with or without silicon carbide beads)
prepared in wells of an assay plate as described previously.

Testing inducible genetic reporter induction

One hundred starved vha-6p::Nanoluc and pals-5p::NanoLuc
L1s were grown for 48 hr to the fourth larval state (L4) at 20°.
Then, the animals were treated with bortezomib (or DMSO
vehicle control) or infected with Nematocida parisii (ERTm1)
(or M9 vehicle control). All biological replicates were pre-
pared in duplicate. For bortezomib treatment, a 10-mM stock
of bortezomib in DMSO was diluted with M9, then NGM plates
were top-plated to reach a final concentration of 22 uwM bor-
tezomib in the plates. For mock treatment, DMSO and M9
were top-plated. Animals were incubated for 5 hr at 20° before
harvesting and analysis. For infection with N. parisii (ERTm1),
166,000 spores in M9 and 50 w1l OP50, or M9 and 50 .l OP50
only for mock treatment, were top-plated. Animals were in-
cubated for 4 hr at 20° before harvesting and analysis. The
worms were harvested and washed with M9-T, and the Nano-
Luc assay was performed as described in Preparing worm ly-
sates for 100 worms and NanoLuc assay measurements.

Statistical analysis of expression data

When not indicated otherwise, statistical significance was de-
termined with the parametric Student’s t-test for comparing
two unpaired groups. The impacts of grinding temperature

Nanoluciferase in C. efegans 1201
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luminescent units.

and time in Figure 4A were determined with a repeated mea-
sures two-way ANOVA followed by Tukey’s post-test.

Data availability

Strains and plasmids are available upon request. The authors
affirm that all data necessary for confirming the conclusions of
the article are present within the article, figures, and tables.
Supplemental material available at figshare: https://doi.org/
10.25386/genetics.9898943.
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Results

Comparisons of GFP and NanoLuc signals in transgenic
C. elegans adults

With the goal of developing a sensitive, plate-based assay to
measure reporter gene expression in C. elegans, we compared
signals from transgenically expressed GFP or NanoLuc under
similar conditions. First, we analyzed animals that contained
an integrated, single-copy 3XFLAG-tagged GFP controlled by
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the vha-6 promoter (of note, the 3XFLAG tag serves the pur-
pose of facilitating subsequent biochemical analysis). The
vha-6 promoter is a commonly used promoter in C. elegans
that drives strong, constitutive expression in the intestine
(Oka et al. 2001). The strong intestinal GFP expression from
these vha-6p::GFP::3XFLAG adult animals can be visualized
with standard microscopy (Figure 1, A and B). We used a
conventional plate reader (NOVOstar, BMG Labtech) to mea-
sure green fluorescent signals in 100-20,000 intact vha-6p::
GFP::3XFLAG adults compared to nontransgenic wild-type
N2 controls. The plate reader only detected a three- and six-
fold-higher fluorescent signal in 20,000 and 10,000 vha-6p::
GFP::3XFLAG animals compared to 20,000 and 10,000 N2
animals, respectively (Figure 1C). There was no significant
signal over background when only 1000 or 100 animals were
measured. In an attempt to increase signal, we lysed worms
first and then measured the green fluorescent signal. Here,
the plate reader did not detect any significant signal over
background in lysates generated from 20,000, 10,000, 1000,
or 100 vha-6p::GFP::3XFLAG adult animals.

Because of the poor signal from GFP measured on a plate
reader, we explored a NanoLuc-based assay. First, we ge-
nerated transgenic animals that contained a single-copy
vha-6p::Nanoluc transgene. Using this strain, we found that
luminescence from intact animals was detectable but highly
variable, and did not correlate well with input amounts (Fig-
ure S1). Therefore, we lysed worms prior to performing the
assay, to facilitate access of substrate to the NanoLuc enzyme
and improve the signal. In contrast to the measurements from
intact animals, we detected a robust and reproducible signal
from lysates of NanoLuc-expressing animals. Impressively,
we detected a 400,000-fold higher signal in lysate from
100 vha-6p::Nanoluc adult animals when compared to lysate
from 100 N2 animals (Figure 1C). Lysates from 1000 vha-
6p::Nanoluc adult animals had significantly higher signals,
and lysates from 10,000 to 20,000 vha-6p::Nanoluc adult
animals saturated the detection capability of the plate
reader (Figure 1C). Because of the higher levels of biolumi-
nescent signals obtained from lysates compared to intact an-
imals, we used lysates for all subsequent analyses (see Figure
7 for assay schematic). Overall, these results demonstrate
robust and reproducible signals in a plate reader-based assay
using lysates from C. elegans expressing NanoLuc, which
are much greater than the signals from GFP under similar
conditions.

Assessing the sensitivity of NanolLuc constitutively
expressed in the intestine

To assess the sensitivity of the NanoLuc signal in C. elegans,
we measured the reporter signal in lysates from single vha-
6p::Nanoluc-expressing animals at different life stages (Fig-
ure 2). We detected a robust luminescent signal in single
adults that was significantly higher than in the N2 back-
ground (Figure 2A). We also generated a vha-6p::Nanoluc::
3XFLAG strain and found similar results as the vha-6p::
Nanoluc strain, with robust signals detected in single
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Figure 6 Nanoluc as an inducible genetic reporter in C. elegans. One
hundred pals-5p::Nanoluc (A) and vha-6p::Nanoluc (B) L4s treated with
22 M bortezomib, or infected with 166,000 N. parisii spores, for 5 or
4 hr, respectively. Bioluminescent signal measured in mock- vs. bortezo-
mib-treated worms or uninfected vs. N. parisii-infected worms. One data
point represents two independent measurements performed on the same
day. Error bar is SD; *** P < 0.001 and ** P < 0.01. NanoLuc, Nano-
luciferase; ns, not significant; RLU, relative luminescent units.

adults (Figure 2A). Further, we detected strong signals
in 10- and 100-fold dilutions of lysates made from single
adult vha-6p::Nanoluc and vha-6p::Nanoluc::3XFLAG ani-
mals (Figure 2A). The background signals of lysis buffer,
substrate, and lysed N2 were similar to the plate reader
background determined with water, indicating very low
background for this assay (Figure 2B). Importantly, we
saw a very stable signal throughout different wells (B10,
C10, D10, and E10) of a 96-well assay plate (Figure 2C).
To assess NanoLuc signal sensitivity in younger animals, we
measured the signal in all four larval stages (L1 through
L4) and in young adults. We detected a robust signal in
single worms from all of these life stages (Figure 2D). In
summary, a significant signal over background can be de-
tected throughout all C. elegans life stages from single an-
imals constitutively expressing NanoLuc in the intestine
(Figure 2D). Further, signal can be detected in as little as
a 1/100 dilution of lysate from a single adult animal (Figure
2A).

Besides detecting low reporter expression, detecting rare
events can be critical to the success of reporter-based assays.
Therefore, we mimicked a rare event by mixing a single
NanoLuc-expressing worm in a pool of 5000 N2s. Here, we
detected ~100,000- and 12,000-fold signals over the N2
background in undiluted worm lysate and 1-10 diluted worm
lysate, respectively (Figure 3, A and B). Therefore, this Nano-
Luc assay should allow the detection of reporter expression
coming from only a single animal in a large population of
nonexpressing animals.

Optimizing lysate preparation conditions for the
NanolLuc assay

Next, we tested several assay parameters for NanoLuc de-
tection, including grinding conditions, substrate incubation
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Growing up and Harvesting Worms Preparing Worm Lysate Measuring the NanoLuc Assay
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Figure 7 Schematic of the C. elegans NanoLuc assay workflow. The number of worms needed for an assay depends on the strength of expression from
the promoter in use, and can be measured in single animals or in populations of tens of thousands of animals. We routinely use 100 L4s to detect
activation of a pals-5 stress/immune reporter. Worms are single-picked to 1.7-ml tubes prefilled with lysis buffer, or washed to 1.7-ml or 15-ml tubes
with M9-T, and subsequently washed with M9-T to remove residual bacteria. The main goal is to harvest and lyse the worms in as small a volume as
possible. After spinning the worms down, the supernatant is removed and then washed with 1X lysis buffer containing protease inhibitor. Lysate can be
prepared either inside 1.7-ml tubes or directly in wells of a white, opaque 96-well assay plate. Worm lysate is prepared by adding 5-10 silicon carbide
beads to the worm suspension in tubes or wells, then closing tubes or sealing the wells, and vortexing for 4 min at 4°. Optionally, worm lysate can be
stored for several days at —80° after this step. The tubes or the assay plate are/is spun down at 20,000 X g for 1 min. If grinding in tubes, = 50 pl of
worm lysate are transferred to wells of a white, opaque 96-well assay plate. Next, 25-50 pl of Nano-Glo reagent (Promega) are added to the worm
lysate and the plate is agitated for 10 min at room temperature on plate rocker. With a plate reader, relative luminescent units are measured by
detecting luminescent signal for 1 sec per sample without filters. As a blank, lysis buffer is vortexed with silicon carbide beads and Nano-Glo reagent is
added 10 min before measurement. The assay gain is set so that the highest signal does not saturate the detector capability of the photo multiplier tube.
M9-T, M9 buffer with 0.1% Tween 20; NanoLuc, Nanoluciferase; Pl, protease inhibitor.

time, and sample storage. The worm lysate described for
the NanoLuc assays above was generated by vortexing
worms in microfuge tubes with silicon carbide beads on a
vortexer. We compared grinding times of 2, 4, and 6 min at
4° or at room temperature. We found that signal was de-
creased with longer grinding times (P < 0.0001 in two-way
ANOVA followed by Tukey’s post-test, Figure 4A). Grind-
ing at 4° compared to room temperature had no significant
influence on NanoLuc signal (P = 0.21), although there
was a trend toward a lower signal at room temperature.
In cell culture studies, the bioluminescent NanoLuc signal
is usually measured after 3 min of incubation of cell lysate
with furimazine. Our data show that worm lysate can be
incubated with substrate for 3-10 min before measure-
ment (Figure 4B).

The workflow of many experiments can benefit from the
option to store samples for several days prior to data collec-
tion. To evaluate if NanoLuc samples can be stored before
measurement, we measured signals in vha-6p::Nanoluc worm
lysates immediately after worm lysis, after 1 day of storage
at —80°, and after 7 days of storage. We either froze down
the lysate directly or after snap freezing in liquid nitrogen.
With both storage methods, we were able to preserve the
bioluminescent signal for up to 7 days without significant
signal loss (Figure 4C). In summary, our analyses indicate
that worm lysate should be prepared by grinding the worms
for 2-4 min, then bioluminescence measured immediately or
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after storage at —80° for several days. The lysate can be in-
cubated with substrate for up to 10 min before assessing the
bioluminescent signal.

Testing multiwell plate assay parameters for the
NanolLuc assay

Next, we optimized plate-reading parameters. While black
assay plates are recommended for the detection of fluores-
cence because they minimize background, white assay plates
are recommended for bioluminescence because of the in-
creased signal possible due to the reflection that occurs in
white plates together with the low background typical of
bioluminescent assays (Judy Gibbs 2001; Wohlstadter et al.
2005). Another assay parameter to consider is whether the
signal is detected from the top or the bottom of the plate. Top
reading has been reported to minimize well-to-well cross talk
compared to bottom reading, because the detector optics can
function as a lid for the sample well and shield it from in-
coming light (Bjerke 2014). Therefore, we compared lumi-
nescent signals measured from the top of opaque white assay
plates to bottom or top reading of the previously used black,
clear-bottomed assay plates. We detected two-times-higher
signals in aliquots of the same sample when measured in
white plates from the top compared to when measured in
black plates from the bottom (Figure 5A). This effect was
not compensated by measuring in black plates from the top,
as the signal was fourfold lower than when bottom reading
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Table 2 Comparisons between NanoLuc and other methods for measuring gene expression

NanoLuc GFP qRT-PCR smFISH

Sensitivity High Low High High

Time to unbiased quantitation Minutes Hours (depending on sample size) Hours Hours to days
Throughput High Medium Medium Low
Requires lysis (loses spatial information) Yes No Yes No

Input material required Single worms Single worms Hundreds to thousands Single worms
Readout Promoter activity Promoter activity Endogenous mRNA Endogenous mRNA
Strain development Required Required Not required Not required

NanoLuc, Nanoluciferase; gRT-PCR, quantitative RT-PCR; smFISH, single-molecule fluorescence in situ hybridization.

in the same plates. Of note, both black and white plates
show minimal well-to-well cross talk of < 1% of sample sig-
nals in wells adjacent and diagonal to a sample with a strong
signal (1.5 million relative luminescent units, Figure 5B).
These results indicate that white plates increase the detect-
able bioluminescent signal in C. elegans without increasing
background and maintaining minimal cross talk (Figure 5C) .

Demonstration of NanolLuc as a sensitive reporter for
monitoring inducible gene expression

Finally, we investigated whether NanoLuc could be used as an
inducible genetic reporter. Here, we generated animals with a
single-copy NanoLuc driven by the pals-5 promoter. The
pals-5 gene is used as a read-out for the intracellular patho-
gen response (IPR), which is a defense program induced by
diverse, natural intracellular pathogens, as well as by proteo-
toxic stress (Reddy et al. 2019). Previous studies have used a
multicopy pals-5::GFP reporter strain to monitor pals-5 in-
duction in the intestine upon blockade of the proteasome or
with intracellular infection by the microsporidian N. parisii
(Bakowski et al. 2014). With the integrated, single-copy pals-
5p::Nanoluc transgene, we detected a ~300-fold increase
upon treatment with the proteasome inhibitor bortezomib
and a ~50-fold increase in luminescent signal after infection
with N. parisii in 100 L4 worms (Figure 6A). We controlled
for changes in overall worm mass and treatment interaction
with NanoLuc by measuring expression of the constitutively
expressed vha-6p::Nanoluc in parallel. The luminescent sig-
nals in treated and untreated vha-6p::Nanoluc animals were
not significantly different upon treatment (Figure 6B), indi-
cating that bortezomib treatment and microsporidia infection
did not simply increase the NanoLuc signal independent of
the pals-5 promoter.

To streamline the NanoLuc assay workflow, we also tested
whether signal could be measured directly from worm lysates
prepared in a multiwell plate, to eliminate the need for a
separate step where worms are first disrupted in microfuge
tubes and then transferred into wells of an assay plate. Here,
we tested two conditions: (1) we vortexed worms with silicon
carbide beads in the wells and transferred one-half of this
lysate away from the beads into fresh wells where it was
measured, and (2) we directly measured signals from wells
that contained both worm lysate and beads (Figure S2). In
condition #1, we measured the same signals as from lysates
that were prepared in microfuge tubes and transferred into

wells to be measured. For condition #2, we found that the
absolute signals measured were lower when beads were still
present in the wells, but the fold increase upon bortezomib
treatment was identical to that seen for measurements of
lysates only. Therefore, in cases where there is strong in-
duction such as with the pals-5p::NanoLuc reporter, the signal
can conveniently be measured from worms disrupted in the
wells and subsequently measured from the same wells. Over-
all, these results indicate that NanoLuc can be used effec-
tively both as a constitutive as well as an inducible genetic
reporter in C. elegans.

Discussion

Here, we describe a highly sensitive luminescence-based
method to detect gene expression in C. elegans, using the
luciferase NanoLuc. In a plate-reader setting, where intesti-
nally expressed GFP could be detected only sixfold over back-
ground levels, we found that intestinally expressed NanoLuc
could be detected at several million-fold over background
(Figure 1C). We used a strain that expresses NanoLuc intes-
tinally to detect signals in lysates of single worms at all life
stages from L1s to adults. The signals were so robust that we
could detect them confidently over background in worm lysate
dilutions as small as 1/100 of a single NanoLuc-expressing
adult animal. The optimization and testing that we per-
formed of various assay conditions provide guidelines for
grinding time and temperature, sample storage, and plate
type. We also found that the assay can be further streamlined
by grinding and measuring directly in a multiwell plate (see
schematic in Figure 7).

Our initial motivation to translate this extremely bright
genetic reporter from cell culture to the nematode C. elegans
was to monitor rare transformation events in obligate intra-
cellular pathogens of the C. elegans intestine from the Micro-
sporidia phylum (Reinke and Troemel 2015). To date,
there has been no successful genetic modification of any of
the > 1400 species in the Microsporidia phylum, despite their
widespread significance in the fields of agriculture, evolution,
and pathogenesis (Vdvra and Lukes 2013; Munita and
Arias 2016). The small size, high physical stability, and high
brightness of NanoLuc should enable the detection of rare,
single-microsporidia transformation events in the intestine of
individual C. elegans animals within large populations being
tested. Indeed, our analysis indicates that it is possible to
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easily detect a single NanoLuc-expressing worm in a popula-
tion of thousands of non-NanoLuc-expressing worms.

In addition to measuring constitutive expression, we have
demonstrated that NanoLuc could be used as a convenient tool
to monitor inducible promoter activity, showing a 300- and
50-fold increase in expression from the pals-5 stress/immune
reporter after proteasome blockade and infection with micro-
sporidia, respectively. To assess if those treatments influence
NanoLuc activity or animal size, we used vha-6 promoter-
driven NanoLuc expression in treated and untreated animals
as a control. In the future, dual luciferase assays that measure
promoter-of-interest::Nanoluc and control-promoter::Firefly
luciferase expression in the same animal could provide an
internal control (#N1610; Promega, Nano-Glo Dual-Luciferase
Reporter Assay System). However, an advantage of a NanoLuc-
only system for monitoring gene expression is that it is not
affected by changes in ATP levels, which regulate lumines-
cence from firefly and other luciferases.

The advantages and disadvantages of a NanoLuc-based
assay compared to other gene expression methods are sum-
marized in Table 2. When compared to GFP, NanoLuc
provides a much more sensitive and rapid method for plate-
reader-based quantitation of gene expression. However, a
major disadvantage of the NanoLuc assay is that it requires
lysing the worms to generate a robust signal. This step is
problematic for experiments where tissue-specific informa-
tion and/or sample recovery is desirable. While it is not clear
why lysis is required, a likely explanation is that the substrate
furimazine cannot sufficiently penetrate the cuticle and tis-
sues of C. elegans. Nonetheless, spatial resolution of Nano-
Luc-tagged organelles has been successfully monitored in live
cells using microscopes that can detect bioluminescence
(Ogoh et al. 2014). Additionally, Lagido and colleagues were
able to image ubiquitous expression of firefly luciferase in live
C. elegans (Lagido et al. 2008). We have detected luciferase
activity 10 min after substrate addition to room temperature
samples. Decrease of enzyme activity is not expected at this
time (NanoLuc half-life > 2 hr; Hall et al. 2012), but a more
likely confounder is lack of substrate in samples with a high
NanoLuc content. We used 25-50 p.l of Nano-Glo reagent for
samples with 1000 worms.

Although it can be desirable to measure reporter gene
expression in intact worms, the lysing procedure we describe
only takes a few minutes, and thus is much faster than other
endpoint assays for gene expression that lose spatial infor-
mation, like QRT-PCR (Table 2). One excellent application for
C. elegans expression of NanoLuc would be genetic screens
where it is not necessary to recover live animals, such as in
RNA interference-based screens. For these screens, NanoLuc
would provide better sensitivity and quantitation than GFP,
and would be more scalable than qRT-PCR. In addition, the
NanoLuc assay requires less input material than assays like
qRT-PCR, and in some cases it is preferable to determine
promoter activity instead of overall mRNA levels (Table 2).
This feature highlights the application that we have demon-
strated in Figure 6, where a pals-5 promoter-driven NanoLuc
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strain provides a reporter for induction of the IPR stress/
immune pathway. This use is analogous to luciferase-based
methods for measuring the activation of stress and immune
pathways in mammalian cells (Delhove et al. 2017), and may
be generally useful for monitoring the activation of many
different kinds of transcriptional responses in C. elegans.
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