Sophie Quintin 
email: quintin@igbmc.fr
  
Gilles Charvin 
  
Rui Xiong 
  
Chiou-Fen Chuang 
  
  
Left-right asymmetry in oxidative stress sensing neurons in C. elegans

Perception of oxidative stress in nematodes involves specific neurons expressing antioxidant enzymes. Here, we carefully characterized GFP knock-in lines for C. elegans peroxiredoxin PRDX-2 and thioredoxin TRX-1, and uncovered that left and right I2, PHA and ASJ neurons reproducibly express an asymmetric level of each enzyme. We observed that high-expressing neurons are in most cases associated with a particular side, indicating a directional rather than stochastic type of asymmetry. We propose that the biological relevance of this left-right asymmetry is to fine-tune H 2 O 2 or light sensing, which remains to be investigated.

Description

In multicellular organisms, perception of a broad range of H 2 O 2 concentrations is necessary to avoid oxidative stress in the environment. Recently, nematodes have been reported to accurately locate a safe niche with an appropriate H 2 O 2 level, by sensing H 2 O 2 through ASJ neurons, which mediate avoidance [START_REF] Schiffer | Modulation of sensory perception by hydrogen peroxide enables Caenorhabditis elegans to find a niche that provides both food and protection from hydrogen peroxide[END_REF]. ASJ neurons belong to the amphid sensillae and were previously identified as photosensory neurons [START_REF] Liu | C. elegans phototransduction requires a G proteindependent cGMP pathway and a taste receptor homolog[END_REF][START_REF] Ward | Light-sensitive neurons and channels mediate phototaxis in C. elegans[END_REF]. Nematodes possess additional pairs of H 2 O 2 and light-sensing neurons, such as I2 and PHA tail neurons, in which the H 2 O 2 response requires the activity of a neuronal antioxidant enzyme, the PRDX-2 peroxiredoxin [START_REF] Bhatla | Light and hydrogen peroxide inhibit C. elegans Feeding through gustatory receptor orthologs and pharyngeal neurons[END_REF][START_REF] Quintin | Distinct mechanisms underlie H2O2 sensing in C. elegans head and tail[END_REF]. In ASJ neurons, the thioredoxin TRX-1 is expressed [START_REF] Miranda-Vizuete | Lifespan decrease in a Caenorhabditis elegans mutant lacking TRX-1, a thioredoxin expressed in ASJ sensory neurons[END_REF], and is essential for shaping the sensory response to nitric oxide (NO), which betrays the presence of pathogenic bacteria [START_REF] Hao | Thioredoxin shapes the C. elegans sensory response to Pseudomonas produced nitric oxide[END_REF]. Therefore, ASJ neurons could rely on TRX-1 for H 2 O 2 and NO sensing, while the I2 and PHA neurons response to H 2 O 2 depends on PRDX-2. Beyond their well-known peroxidase function, PRDX-2 and TRX-1 have also been shown to influence cellular signaling, and were proposed to act as H 2 O 2 sensors [START_REF] Ledgerwood | The role of peroxiredoxin 1 in redox sensing and transducing[END_REF][START_REF] Rhee | Multiple functions of peroxiredoxins: peroxidases, sensors and regulators of the intracellular messenger H₂O₂, and protein chaperones[END_REF][START_REF] Veal | Hydrogen peroxide sensing and signaling[END_REF]. Interestingly, micromolar doses of H 2 O 2 promote neuronal sensory function [START_REF] Li | Promotion of behavior and neuronal function by reactive oxygen species in C. elegans[END_REF], while millimolar concentrations are deleterious for neurons [START_REF] Gourgou | Chemically induced oxidative stress affects ASH neuronal function and behavior in C. elegans[END_REF]. Consequently, it is critical for nematodes to detect a broad range of H 2 O 2 concentrations to avoid noxious environments. Whether neuronal antioxidant enzyme levels play a role in this perception has not been investigated, but this question deserves attention in the future. Here, we sought to determine antioxidant levels in the H 2 O 2 or light-sensing I2, ASJ and PHA neurons.

To accurately monitor antioxidant enzyme levels in neurons, we generated C-terminal GFP knock-in versions of PRDX-2 and TRX-1 by supplying engineered templates for repair of CRISPR/Cas9-mediated cleavage [START_REF] Dickinson | Engineering the Caenorhabditis elegans genome using Cas9-triggered homologous recombination[END_REF][START_REF] Quintin | Distinct mechanisms underlie H2O2 sensing in C. elegans head and tail[END_REF]. Strikingly, we observed that I2 neurons reproducibly express an asymmetric mean intensity of PRDX-2::GFP expression in left and right neurons (Fig. 1A), in synchronized L4 and young adults. In 65% of animals (N=57), the highexpressing PRDX-2 neuron corresponded to I2L, while it was I2R in the remaining 35%. Similarly, we noticed an unequal level of TRX-1::GFP in ASJL and ASJR (Fig. 1B), and ASJR was associated with the highest TRX-1 intensity in 90% of animals (N=30), indicating a directional asymmetry. We next asked whether the nociceptive PHA neurons, which respond to light and H 2 O 2 [START_REF] Quintin | Distinct mechanisms underlie H2O2 sensing in C. elegans head and tail[END_REF], also display such an asymmetry. In 75% of the PRDX-2::GFP knock-in line, only a single PHA neuron expressing PRDX-2::GFP was visible, the contralateral being undetectable, revealing an obviously asymmetric expression level but rendering quantification impossible (Fig. 1C). To examine this PHAL/R asymmetry with an independent marker, we quantified the neuropeptide flp-15p::GFP transcriptional reporter specifically expressed in PHA and I2 neurons [START_REF] Kim | Expression and regulation of an FMRFamide-related neuropeptide gene family in Caenorhabditis elegans[END_REF]. This analysis also revealed a significantly different left/right GFP level in PHA neurons, akin to that observed in I2 neurons (Fig. 1DE). Interestingly, the fraction of I2L and PHAR expressing the highest GFP signal was very similar (68% and 70%, respectively). We conclude that left-right asymmetric peroxiredoxin and neuropeptide levels are present in I2 and PHA neurons, while ASJ neurons show an asymmetric thioredoxin level. This asymmetry seems to be associated with a biased laterality as the proportion of high-expressing neurons is associated with a particular side; I2L, ASJR and PHAR displaying a higher expression in most cases (Fig. 1F). Interestingly, [START_REF] Goldsmith | Developmental control of lateralized neuron size in the nematode Caenorhabditis elegans[END_REF] have reported that the direction of ASER/ASEL size asymmetry is also variable, contrasting with the invariant left/right asymmetric expression of their chemoreceptors. Here, we favor the hypothesis that I2, ASJ and PHA neurons share the same type of directional asymmetry as ASE neurons.

In conclusion, we report a novel case of neuronal asymmetry in C. elegans, which is characterized by asymmetric expression levels of PRDX-2 or TRX-1 antioxidants in H 2 O 2 and light-sensing neurons (I2, ASJ and PHA, Fig 1). Left-right neuronal asymmetry has been reported to broaden the chemosensory repertoire of the nematode, notably in ASEL-R and AWC ON/OFF neurons, which exhibit distinct types of asymmetry (stereotyped versus stochastic; reviewed in [START_REF] Hobert | Development of left/right asymmetry in the Caenorhabditis elegans nervous system: from zygote to postmitotic neuron[END_REF]Hsieh et al., 10/19/2022-Open Access 2014)). Beyond the well characterized ASE and AWC cases, the field of neuronal asymmetry is expanding. An asymmetric expression of the bHLH transcription factor HLH-16 has been reported in four pairs of interneuron and motoneurons of a navigation circuit, suggesting other cases of functional lateralization [START_REF] Bertrand | Notch-dependent induction of left/right asymmetry in C. elegans interneurons and motoneurons[END_REF]. More recently, five pairs of neurons of the ABa lineage were reported to be asymmetric in the expression levels of a C32C4.16::T2A::GFP reporter [START_REF] Charest | Combinatorial Action of Temporally Segregated Transcription Factors[END_REF], revealing an unexpected degree of cellular diversification. Importantly, functional analyses have uncovered asymmetric contributions of left and right PLM neurons to the tail touch response, and pointed to their synergistic role in the response to weaker stimuli [START_REF] Davis | Precise optical control of gene expression in C elegans using improved genetic code expansion and Cre recombinase[END_REF]. Therefore, we suggest that unequal levels of antioxidant enzymes in left and right neurons could similarly result in differential functional properties. This hypothesis is reinforced by our observation that PHAL and PHAR show a small but significant difference in response to 10µM H 2 O 2 that is not seen at a higher dose [START_REF] Quintin | Distinct mechanisms underlie H2O2 sensing in C. elegans head and tail[END_REF]. Upon integration, they might allow nematodes to sense a broader range of environmental oxidative stressors, but this question needs to be further investigated.

Methods

Strains and genetics

C. elegans strains (listed below) were grown on NGM plates as described [START_REF] Brenner | The genetics of Caenorhabditis elegans[END_REF].

CRISPR-Cas9 genome editing

The PRDX-2::GFP strain was previously generated [START_REF] Quintin | Distinct mechanisms underlie H2O2 sensing in C. elegans head and tail[END_REF] by CRISPR/Cas9-mediated 'knock-in' editing as described (Dickinson et al., (Bertrand et al., 2011[START_REF] Dickinson | Engineering the Caenorhabditis elegans genome using Cas9-triggered homologous recombination[END_REF]. For TRX-1 knock-in, we similarly used a long-arm based strategy with a guide RNA targeting a sequence located a few bp away from the stop codon [START_REF] Dickinson | Engineering the Caenorhabditis elegans genome using Cas9-triggered homologous recombination[END_REF]. Phusion DNA polymerase was used to amplify by PCR 5' and 3' trx-1 homology arms (HAs) from N2 genomic DNA, using primers containing SapI restriction sites and silent mutations to prevent Cas9 re-cleavage (listed in Reagents). A combined small guide-RNA/repair template plasmid was generated, after assembly of purified 5' and 3'HAs and sgRNA oligonucleotides into the destination vector (pMLS256), together with the flexible linker (from pMLS287), GFP and the unc-119 rescuing element (from pMLS252), in a single SapI restriction-ligation reaction, as described [START_REF] Schwartz | SapTrap, a Toolkit for High-Throughput CRISPR/Cas9 Gene Modification in Caenorhabditis elegans[END_REF]. After transformation in DH5α cells, the pSQ7 plasmid was verified by restriction digest analysis and sequencing. All plasmids used for injection were purified using a DNA Miniprep Kit (PureLink, Invitrogen) or a DNA midiprep kit (Macherey Nagel). A plasmid mix containing combined sgRNA/repair template plasmid (pSQ7, 50 ng/μl), Cas9-encoding pSJ858 (25ng/μl) and coinjection markers (pCFJ90 at 2.5ng/μl; pCFJ104 at 5ng/μl, and pGH8 at 5ng/μl) was injected in the germline of unc-119(ed3) animals. Plates containing 2/3 injected F0 animals were starved, chunked on fresh plates, for candidates screening (attested by the presence of wild-type non fluorescent animals). Knock-in events were validated by PCR on homozygous lysed worms (QuantaBio AccuStart II GelTrack PCR SuperMix), using primers annealing in the inserted sequence and in an adjacent genomic region not included in the repair template.

Spinning-disk confocal microscopy acquisitions and fluorescence intensity measurements

Synchronized L4/young adults animals were anesthetized in M9 containing 1mM levamisole and mounted between slide and coverslip on 3% agarose pads. Spinning-disk confocal imaging was performed on an inverted DMI8 Leica microscope equipped with a Yokogawa CSUW1 head and an Orca Flash 4.0 camera, piloted by the Metamorph software. Objectives used were oil-immersion 40X (HC PL APO, NA 1.3) or 63X (HCX PL APO Lambda blue, NA 1.4). The temperature of the microscopy room was maintained at 20 ˚C for all experiments. Z-stacks of head region were acquired with a constant exposure time and a constant laser power in all experiments. Maximum intensity projections were used to generate the images shown. Fluorescence intensity measurements of I2, ASJ and PHA neurons were performed using the Fiji software, by drawing a region of interest (ROI) around neuronal cell body and average pixel intensity was quantified.

Statistical analyses

P-values were calculated with an unpaired two-tailed Student test; the Welch correction was applied when the two samples had unequal variances. A Mann Whitney test was made in Fig1E for PHA neurons as values did not pass normality tests. Error bars depict standard deviation in all graphs. Statistical analyses were conducted with the GraphPad Prism9 software. The data presented here come from at least three independent experiments. For p values, not significant p>0.05; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Reagents

Strains SXB15 prdx-2(gch01[PRDX-2::GFP, unc-119(+)] II outcrossed 5 times [START_REF] Quintin | Distinct mechanisms underlie H2O2 sensing in C. elegans head and tail[END_REF] 

Figure 1 .

 1 Figure 1. A left-right asymmetric level of antioxidant enzymes is observed in H 2 O 2 and light sensing neurons (A)-Spinning-disc confocal projection of the head of a representative PRDX-2::GFP knock-in animal. Bottom, look up table used to illustrate left-right neurons intensity differences ('glow' in Fiji, indicating a fluorescence intensity increase from left to right). In this and subsequent panels, animals are shown with anterior to the left and dorsal side up. I2L and I2R (arrows) exhibit PRDX-2::GFP asymmetric expression levels, as shown by the fluorescence intensity quantification (right panel). Pie chart, proportion of I2L neurons expressing low and high PRDX-2::GFP levels (B)-Spinning-disc confocal projection of the head of a representative TRX-1::GFP knock-in animal, shown in false colors as in A. ASJL and ASJR show asymmetric TRX-

Acknowledgements:

We are grateful to all the staff members of the Imaging Center of the IGBMC for assistance in confocal microscopy. We thank the Reymann and Jarriault labs for sharing their equipment and reagents; Christelle Gally and Eric Marois for critical reading of the manuscript and helpful discussions. We thank Nadine Arbogast, Chloé Gommenginger and Sandra Bour for technical help. We thank WormBase and the Caenorhabditis Genetics Center (funded by NIH Office of Research Infrastructure Programs P40 OD010440, University of Minnesota) for providing strains.

This work was funded by the Agence Nationale de la Recherche (grants ANR-10-LABX-0030-INRT to Gilles Charvin and ANR-10-IDEX-0002; ANR 20-SFRI-0012; ANR-17-EURE-0023 to the Interdisciplinary Thematic Institute IMCBio of the University of Strasbourg, CNRS and Inserm, part of the 2021-2028 Investments for the Future Program). Quintin: conceptualization, data curation, formal analysis, writing -original draft. Gilles Charvin: funding acquisition, validation, writing -review editing.