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Abstract
Single molecule fluorescence in situ hybridization (smFISH) and in situ hybridization chain reaction (HCR) have become
powerful tools to visualize gene expression in many different animal species. We show here that smFISH and in situ HCR can
be put to effective use in the satellite nematode model organism Pristionchus pacificus. Examining the expression of a
homeobox gene (Ppa-unc-30), we found that HCR is more sensitive than smFISH. We confirmed the robustness of HCR by
visualization of the expression of several genes involved in neurotransmitter synthesis or transport (Ppa-unc-25/GAD, Ppa-
unc-17/VAChT, Ppa-eat-4/VGLUT). Combined with its relative cost-effectiveness compared to smFISH analysis, in situ HCR
constitutes a useful addition to the toolbox for P. pacificus research.
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Figure 1. smFISH and in situ HCR in P. pacificus:

Cellular identities shown in all panels are tentative and are based on the identity of C. elegans neurons that express the
respective gene in roughly the same position. Further confirmation is required to solidify these assignments. All images shown
are maximum z-stack projections. Scale bar = 50µm.

A: smFISH showing expression of Ppa-unc-25 in a J2 larval animal. AB/PB: location of anterior/posterior bulb of pharynx.

B: HCR probing of Ppa-unc-25 (left) and Ppa-unc-30 (right) gene expression in a J2 larval animal.

C,D: HCR probing of Ppa-unc-17 and Ppa-unc-25 gene expression in J2 (C) and J3 (D) larval animals.

E,F: HCR probing of Ppa-eat-4 and Ppa-unc-25 gene expression patterns in J3 larval animals.

Description
The nematode Pristionchus pacificus is a powerful satellite model organism for comparative evolutionary studies (Sommer
and McGaughran 2013). One key component to the success of comparative analysis is the ability to reliably assess gene
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expression patterns with spatial and temporal specificity in whole animals. While fluorescent reporter transgenes can be
generated with ease in C. elegans, they are more difficult to generate in P. pacificus, even though substantial strides have been
made in improving the efficiency of P. pacificus transgenesis (Schlager et al. 2009; Namai and Sugimoto 2018; Han et al.
2020).

Single molecule fluorescence in situ hybridization (smFISH) represents an alternative means to visualize gene expression (Ji
and van Oudenaarden 2012), but the high costs of probe generation restrict the attractiveness of this technique. The more
recent introduction of in situ hybridization chain reaction (HCR) represent a more cost-effective approach for the in situ
analysis of gene expression (Choi et al. 2016). The greater cost-effectiveness stems from the ability to use unconjugated
oligonucleotide sequences as probes. Each probe set consists of 25bp probes generated from complementary sequences within
a gene's locus and a 18bp initiator sequence unique to an amplifier (B1, B2, B3, etc.). The fluorophores used to visualize
probe-target hybridization are conjugated to a hairpin sequence that is not gene-specific and thus may be used for multiple
experiments. HCR has been applied in many different organisms, including C. elegans (Choi et al. 2016) and we set out here
to test the usage of HCR, as well as of smFISH, in P. pacificus.

We generated smFISH probes for two P. pacificus genes, Ppa-unc-25 (GAD), encoding glutamic acid decarboxylase, the rate
limiting enzyme for synthesis of the neurotransmitter GABA (Eastman et al. 1999) and Ppa-unc-30, a Pitx-type homeobox
transcription factor whose C. elegans ortholog controls Ppa-unc-25 expression in GABAergic ventral nerve cord neurons (Jin
et al. 1994). We were able to readily detect Ppa-unc-25 transcripts in a pattern very similar to what is observed in C. elegans,
namely in the ventral nerve cord and in several head neurons, including what appear to be the RME, RIS, RIB and AVL
neurons (Figure 1A). However, we failed to detect any signals with smFISH probes for the Ppa-unc-30 locus. Moreover, Ppa-
unc-25 smFISH probing was unstable, requiring worms to be immediately imaged following the protocol to avoid risk of
losing signal altogether.

We generated HCR probes for the same two genes (Ppa-unc-25, Ppa-unc-30) and followed a protocol that has been put to use
in C. elegans (see Methods section)(Choi et al. 2016). We observed more robust signals with the Ppa-unc-25 HCR probes, and
we now also observed signals with the Ppa-unc-30 HCR probes in the ventral nerve cord, as well as several head neurons
(Figure 1B).

We further probed the generality of HCR usage by generating probes to two other genes, the single Ppa-eat-4/VGLUT locus to
reveal glutamatergic neurons and the single Ppa-unc-17/VAChT locus to reveal cholinergic neurons. We generated these two
probes with different amplifier sequences to allow us to co-stain the expression of each gene relative to the expression of Ppa-
unc-25/GAD. As expected from studies in C. elegans (Serrano-Saiz et al. 2013; Pereira et al. 2015; Gendrel et al. 2016), we
observed non-overlapping expression of Ppa-unc-25/GAD compared to Ppa-eat-4/VGLUT and compared to Ppa-unc-
17/VAChT (Figure 1 C-F). The patterns of Ppa-eat-4/VGLUT and Ppa-unc-17/VAChT expression in P. pacificus appear
roughly comparable to those observed for their respective C. elegans homologs (Serrano-Saiz et al. 2013; Pereira et al. 2015)
but future studies will be required to pinpoint the exact identity of the Ppa-eat-4/VGLUT and Ppa-unc-17/VAChT expressing
neurons. Since mRNA signals are unevenly distributed throughout the soma of a given cell, it is difficult to separate signals
from neighboring cells within densely packed ganglia. We envision that the problem of cell identification will be solved by
multicolor co-staining with co-expressed genes.

We note that smFISH and HCR appear to offer several advantages over antibody staining. Due to antibody penetration issues,
immunostaining protocols usually only stain a fraction of the animals in the sample, often with a strong bias for larval stage
animals. On the other hand, we note that smFISH and HCR protocols produce signals in nearly 100% of larval and adult stage
animals. Additionally, many antibody staining protocols require harsh steps to fix and permeabilize the C. elegans cuticle
(Duerr 2006; Shakes et al. 2012; Gendrel et al. 2016), which tend to distort and disintegrate the animal, particularly in adults,
and therefore complicate the accurate visualization of gene expression patterns.

In conclusion, the cost-effectiveness, robustness, and sensitivity of the HCR protocol will empower P. pacificus researchers to
analyze gene expression profiles in this organism with relative ease.

Methods
For smFISH staining, we followed the smFISH protocol for C. elegans described in WormBook (Ji and van Oudenaarden
2012).

For HCR, we followed the protocol described in Choi et al., 2016, with a number of slight changes. Below, we describe the
Choi et al. protocol, including our adaptations:

Probe Design:
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1. ‘HCR probe maker', a probe design software by the Ozplut lab, was downloaded from the following (Kuehn et al., 2022):

a. For Mac: https://github.com/rwnull/HCRProbeMakerCL/tree/HCRProbeMakerCLforMac

b. For PC: https://github.com/rwnull/insitu_probe_generator

2. Probes were designed according to the guidelines described in Choi et al, 2016: the first probe in a pair began with an
initiator sequence (B1, B2, or B3, see below), followed by the 2bp spacer ‘tt', then a 25bp complimentary sequence. The
second probe in a pair began with the adjacent complementary sequence, followed by the same spacer and initiator sequence.
The following adaptations were made for the aforementioned experiments:

a. Probe sets were designed such that the maximum number of probes were generated per gene.

b. Initiator sequences were chosen such that Ppa-unc-25 could be uniquely labeled in a different color with every other gene
investigated.

Gene Number of probe pairs Initiator sequence used (conjugated fluorophore)

Ppa-unc-25 26 B1 (AF 647), B2 (AF 546)

Ppa-unc-30 14 B2 (AF 546)

Ppa-unc-17 28 B3 (AF 488)

Ppa-eat-4 32 B1 (AF 647)

3. Hairpin sequences for each initiator used (B1, B2, and B3) were ordered from molecularinstruments.com, conjugated with
AF 647, AF 546, and AF 488, respectively.

4. Probes were ordered from IDT as DNA Oligo Pools (50µM tubes). Probes were reconstituted in 50 µL of NF-free H2O for a
1µM stock and stored at -20˚C for long-term storage.

Fixation:

NOTE: Reagents, equipment & bench space were kept diligently RNAse free throughout.

1. Worms were washed off plates with 1 mL of M9 buffer and transferred to a 15 mL conical tube. To ensure high yield
(worms will be lost throughout successive washes/incubations), at least 4 crowded plates of mixed developmental stages were
used per sample. 

 
2. Worms were centrifuged at 2000 x g for 2 min to bring worms to the bottom of the conical and M9 buffer was removed.

NOTE: For centrifugation speed, minimum possible speed needed to pellet worms was used. Density of liquid changes
throughout protocol, so speed was optimized accordingly. 

 
3. Worms were washed 3 times with 1 mL of M9 buffer each, then centrifuged at 2000 x g for 2 min between washes. 

 
4. Worms were aliquoted into 1.5 mL tubes. Total volume (M9 + worms) was no more than 100-200 µL in each tube.

  
5. 1 mL of fresh paraformaldehyde (PFA) was added to each tube, on ice. Samples were immediately frozen at -80˚C
overnight (>12h) before use.

NOTE: Worms can stay in -80˚C for long-term storage. Up to two weeks was attempted with minimal effect on quality of
results.

 
6. Worms were fixed by thawing at room temperature for 45 minutes. This was done on a nutator for best results.

7. Worms were washed 2 times with 1 mL of PBST each. Worms were then centrifuged at 2000 x g for 2 min in between
washes. 

 
8. Worms were incubated in 1 mL of proteinase K (100 µg/mL) for 15 minutes at 37˚C on a nutator. Proteinase K
concentration and treatment time was re-optimized for each batch of proteinase K and for samples at different developmental
stages. Longer incubation period will allow for better probing of adult animals, for example.
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9. Worms were washed 2 times with 1 mL of PBST each. 
 

10. Samples were incubated in 1 mL of 2 mg/mL of glycine solution for 15 minutes on ice. 
 

11. Larvae were washed 2 times with 1 mL of PBST each. 
  

Detection:

1. Worms were incubated in 1 mL of 50% PBST / 50% probe hybridization buffer for 5 minutes at room temperature on a
nutator.

NOTE: Probe hybridization buffer was warmed to room temperature before using.

2. Samples were centrifuged at 2000 x g for 2 minutes to remove the solution. 
 

3. Worms were pre-hybridized in 300 µL of probe hybridization buffer at 37˚C for 1 hour on a nutator.
  

4. Probe solution was prepped by adding an optimized concentration of 1µM for each probe set stock to 200 µl of probe
hybridization buffer. For robust probe sets, like Ppa-unc-25 and Ppa-unc-17, 2 pmol (2 µl) was sufficient to visualize gene
expression pattern. For others (Ppa-unc-30 and Ppa-eat-4), a higher concentration of 4 pmol (4 µl) was used.

  
5. The probe solution was then added to each sample for a total hybridization volume of 500 µL in each tube.

  
6. Worms were incubated overnight (>12h) at 37˚C on a nutator.

  
7. The next day, worms were washed 4 times for 15 minutes each with 1 mL of probe wash buffer at 37˚C on a nutator. Probe
wash buffer was pre-heated to 37˚C.

  
NOTE: Worms were centrifuged at 1000 x g for 2 minutes for each wash. This is a lower speed than before – gentleness was
required with the samples from this step onwards.

  
8. Worms were washed 2 times for 5 minutes each with 1 mL of 5x SSCT at room temperature on a nutator.

  
Amplification:

1. Worms were pre-amplified with 300 µL of amplification buffer for 30 minutes at room temperature on a nutator.

NOTE: Amplification buffer was warmed to room temperature before using.
  

2. Hairpins were cooled as follows: 10 µL of 3 µM stock was incubated at 95C for 90 seconds and then cooled to room
temperature in the dark for 30 minutes (= "snap-cooling").

  
NOTE: Hairpins h1 and h2 were provided in hairpin storage buffer from Molecular Instruments ready for snap cooling. h1 and
h2 were snap cooled in separate tubes. When using multiple hairpins in double-labeling experiments, h1 hairpins were
combined with other h1 hairpins, and h2 hairpins with other h2 hairpins at this step.

  
3. Snap-cooled h1 hairpins and snap-cooled h2 hairpins were added to 200 µL of amplification buffer at room temperature to
make final hairpin solution.

  
4. The hairpin solution was added to each sample for a total amplification volume of 500 µL.

  
5. Worms were incubated overnight (>12h) in the dark at room temperature on a nutator, either covered with foil or in a dark
drawer.

  
6. The next day, samples were washed with 1 mL of 5x SSCT at room temperature, on a nutator: first, 2 times for 5 minutes
each, then 2 times for 30 minutes each, then 1 time for 5 minutes.

  
7. Worms were resuspended in 100 µL of ProLong Gold Antifade Reagent. Samples were stored at 4˚C protected from light
before microscopy.
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NOTE: Samples were imaged using a standard upright compound light microscope (equipped with the necessary filters) as
soon as possible for best results.

Reagents
Probe Hybridization Buffer, Probe Wash Buffer, and Amplification Buffer were ordered from molecularinstruments.com.

M9 buffer

22 mM KH2PO4

42 mM Na2HPO4

20.5 mM NaCl

1 mM MgSO4 
 

For 1 L of solution:

3 g of KH2PO4

6 g of Na2HPO4

5 g of NaCl

1 mL of 1 M MgSO4

Fill up to I L with ultrapure H2O

Sterilize by autoclaving

4% Paraformaldehyde (PFA)

For 40 mL of solution:

5 mL of 32% PFA solution

4 mL of 10x PBS

Fill up to 40 mL with NF-free H2O

PBST (1% Tween 20)

For 50 mL of solution:

5 mL of 10x PBS

500 µL of Tween 20

Fill up to 50 mL with NF-free H2O

Proteinase K solution (100µg/mL)

For 1 mL of solution:

5 µL of 20 mg/mL proteinase K

Fill up to 1 mL with PBST

Store at -20˚C

Glycine solution (2mg/mL)

For 50 mL of solution:

100 mg of glycine 
 Fill up to 50 mL with PBST

Store at 4˚C

5x SSCT (1% Tween 20)
  

For 40 mL of solution:

10 mL of 20x SSC
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400 µL of 10% Tween 20

Fill up to 40 mL with NF-free H2O

Acknowledgements:

Thanks to G. Gattoni for sharing the Ozplut lab probe design software.

References
Choi HM, Calvert CR, Husain N, Huss D, Barsi JC, Deverman BE, et al., Pierce NA. 2016. Mapping a multiplexed zoo of
mRNA expression. Development 143(19): 3632-3637. PubMed ID: 27702788

Duerr JS. 2006. Immunohistochemistry. WormBook: 1-61. PubMed ID: 18050446

Eastman C, Horvitz HR, Jin Y. 1999. Coordinated transcriptional regulation of the unc-25 glutamic acid decarboxylase and the
unc-47 GABA vesicular transporter by the Caenorhabditis elegans UNC-30 homeodomain protein. J Neurosci 19(15): 6225-
34. PubMed ID: 10414952

Gendrel M, Atlas EG, Hobert O. 2016. A cellular and regulatory map of the GABAergic nervous system of C. elegans. Elife 5.
PubMed ID: 27740909

Han Z, Lo WS, Lightfoot JW, Witte H, Sun S, Sommer RJ. 2020. Improving Transgenesis Efficiency and CRISPR-Associated
Tools Through Codon Optimization and Native Intron Addition in Pristionchus Nematodes. Genetics 216(4): 947-956.
PubMed ID: 33060138

Ji N, van Oudenaarden A. 2012. Single molecule fluorescent in situ hybridization (smFISH) of C. elegans worms and
embryos. WormBook: 1-16. PubMed ID: 23242966

Jin Y, Hoskins R, Horvitz HR. 1994. Control of type-D GABAergic neuron differentiation by C. elegans UNC-30
homeodomain protein. Nature 372(6508): 780-3. PubMed ID: 7997265

Namai S, Sugimoto A. 2018. Transgenesis by microparticle bombardment for live imaging of fluorescent proteins in
Pristionchus pacificus germline and early embryos. Dev Genes Evol 228(1): 75-82. PubMed ID: 29353439

Pereira L, Kratsios P, Serrano-Saiz E, Sheftel H, Mayo AE, Hall DH, et al., Hobert O. 2015. A cellular and regulatory map of
the cholinergic nervous system of C. elegans. Elife 4. PubMed ID: 26705699

Schlager B, Wang X, Braach G, Sommer RJ. 2009. Molecular cloning of a dominant roller mutant and establishment of DNA-
mediated transformation in the nematode Pristionchus pacificus. Genesis 47(5): 300-4. PubMed ID: 19298013

Serrano-Saiz E, Poole RJ, Felton T, Zhang F, De La Cruz ED, Hobert O. 2013. Modular control of glutamatergic neuronal
identity in C. elegans by distinct homeodomain proteins. Cell 155(3): 659-73. PubMed ID: 24243022

Shakes DC, Miller DM 3rd, Nonet ML. 2012. Immunofluorescence microscopy. Methods Cell Biol 107: 35-66. PubMed ID:
22226520

Sommer RJ, McGaughran A. 2013. The nematode Pristionchus pacificus as a model system for integrative studies in
evolutionary biology. Mol Ecol 22(9): 2380-93. PubMed ID: 23530614

Funding:

This work was funded by NIH R01 NS039996 and the HHMI. YHR was supported by an NSF GRF.

Supported by National Institutes of Health (United States) R01 NS039996 to Oliver Hobert.

Author Contributions: Yasmin H. Ramadan: formal analysis, investigation, writing - review editing, methodology. Oliver
Hobert: funding acquisition, conceptualization, writing - original draft.

Reviewed By: Ray Hong

Nomenclature Validated By: Daniela Raciti, Stavros Diamantakis

WormBase Paper ID: WBPaper00067052

History: Received July 1, 2024 Revision Received July 11, 2024 Accepted July 24, 2024 Published Online July 26, 2024
Indexed August 9, 2024

Copyright: © 2024 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any

 

7/26/2024 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/27702788
https://www.ncbi.nlm.nih.gov/pubmed/18050446
https://www.ncbi.nlm.nih.gov/pubmed/10414952
https://www.ncbi.nlm.nih.gov/pubmed/27740909
https://www.ncbi.nlm.nih.gov/pubmed/33060138
https://www.ncbi.nlm.nih.gov/pubmed/23242966
https://www.ncbi.nlm.nih.gov/pubmed/7997265
https://www.ncbi.nlm.nih.gov/pubmed/29353439
https://www.ncbi.nlm.nih.gov/pubmed/26705699
https://www.ncbi.nlm.nih.gov/pubmed/19298013
https://www.ncbi.nlm.nih.gov/pubmed/24243022
https://www.ncbi.nlm.nih.gov/pubmed/22226520
https://www.ncbi.nlm.nih.gov/pubmed/23530614


 

medium, provided the original author and source are credited.

Citation: Ramadan, YH; Hobert, O (2024). Visualization of gene expression in Pristionchus pacificus with smFISH and in
situ HCR. microPublication Biology. 10.17912/micropub.biology.001274

 

7/26/2024 - Open Access

https://doi.org/10.17912/micropub.biology.001274

