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Abstract

The ability of animals to process dynamic sensory information facilitates foraging in an ever
changing environment. However, molecular and neural mechanisms underlying such ability
remain elusive. The CIC anion channels/transporters play a pivotal role in cellular ion
homeostasis across all phlya. Here we find a CIC chloride channel is involved in salt
concentration chemotaxis of C. elegans. Genetic screening identified two altered-function
mutations of clh-1 that disrupt experience-dependent salt chemotaxis. Using genetically encoded
fluorescent sensors, we demonstrate that CLH-1 contributes to regulation of chloride and
calcium dynamics of salt-sensing neuron, ASER. The mutant CLH-1 reduced responsiveness of
ASER to salt stimuli in terms of both temporal resolution and intensity, which could disrupt
navigation strategies for approaching preferred salt concentration. Furthermore, other CIC genes
appeared to act redundantly in salt chemotaxis. These findings provide insights into the
regulatory mechanism of neuronal responsivity by CICs that contribute to modulation of

navigation behavior.
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Introduction

Memorizing environmental conditions associated with food and generating an optimal foraging
strategy based on those memories are basic and important abilities for survival. Mechanisms of
food-associated learning have long been addressed in many species, dating back to Pavlovian
appetitive conditioning demonstrated in dogs (Braubach et al., 2009; Cho et al., 2016; Gottfried
et al., 2003; Hirano et al., 2013; O’Doherty et al., 2003; Otis et al., 2017; Pavlov, 1927; Sasakura
and Mori, 2013; Winter and Stich, 2005). By virtue of its simple nervous system and amenability
to genetic manipulations, the soil nematode Caenorhabditis elegans has been used to unveil
molecular and neural mechanisms of learning. C. elegans shows food-associated learning in
combination with various sensory modalities including gustatory, olfactory, thermosensory, and
mechanosensory cues (Colbert and Bargmann, 1995; Hedgecock and Russell, 1975; Kindt et al.,
2007; Saeki et al., 2001). We have previously reported that C. elegans shows plasticity in
chemotaxis to salt (sodium chloride; NaCl); wild-type animals are attracted to the salt
concentration at which they have been fed, while avoiding concentrations at which they have
been starved (salt concentration chemotaxis, Kunitomo et al., 2013, Figure 1a). C. elegans senses
inorganic ions mainly through the bilateral salt-sensing neuron pair, ASE (Bargmann and
Horvitz, 1991). Sensory input to ASE-right (ASER), is essential and sufficient for food-
associated salt chemotaxis. Modulation of synaptic transmission from ASER to the first layer
interneurons AlA, AIB and AlY, whose activity regulates exploratory behaviors (Gray et al.,
2005; Li et al., 2014; Piggott et al., 2011), is also implicated in modification of salt chemotaxis

(Kunitomo et al., 2013; Luo et al., 2014; Wang et al., 2017).
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Molecular mechanisms that regulate perception and propagation of salt stimuli in ASER
have been proposed. A receptor-type guanylyl cyclase GCY-22 plays a pivotal role in perception
of salt stimuli and is suggested to act as an ion receptor of ASER (Adachi et al., 2010; Ortiz et
al., 2009; Smith et al., 2013). Excitation of ASER depends also on cyclic nucleotide-gated
(CNG) channels consisting of TAX-2 and TAX-4 (Suzuki et al., 2008). C. elegans genome does
not contain typical voltage-gated sodium channel genes (Bargmann, 1998). Instead, voltage-
gated calcium channels are responsible for propagation of depolarization, which is examined by
electrophysiological studies (Goodman et al., 1998; Shindou et al., 2019). However, contribution

of anions to the regulation of ASER activity has not been discussed yet.

Anion transporters play critical roles in regulating excitability of neurons as they finely
tune electrophysiological properties of membranes. However, how and which molecules
contribute to the responsivity of specific neurons and eventually produces behavioral output,
remains rudimentary. Here, we identify the CIC chloride channel CLH-1 as a possible regulator
of food-associated salt chemotaxis in C. elegans. CIC proteins transport univalent anions across
membranes to control electrochemical potential of excitable cells and to maintain ionic milieu as
well as pH of intracellular organelles (Ahnert-Hilger and Jahn, 2011; Bosl et al., 2001; Branicky
et al., 2014). Malfunction of CIC genes results in various diseases such as myotonia,
leukodystrophy, hyperaldosteronism and epilepsy in humans (Blanz et al., 2007; Charlet-B. et
al., 2002; Fernandes-Rosa et al., 2018; Yamamoto et al., 2015). The causal relationship among
CIC malfunction, physiological consequences, and disease manifestations are not fully
understood in many cases. CLH-1 shares the highest (37%) identity with mammalian CIC-2.
Functional studies using heterologous expression in Xenopus oocytes and mammalian cells
demonstrated that both CLH-1 and CIC-2 are inwardly rectifying chloride channels (Grant et al.,
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2015; Nehrke et al., 2000; Staley et al., 1996; Thiemann et al., 1992). On the other hand, two
recent studies showed that CIC-2 contributes to CI™ influx in neurons depending on the
electrochemical potential of ClI™ (Ratté and Prescott, 2011; Rinke et al., 2010). Thus, the function

of CLH-1/CIC-2 in the nervous system remains elusive.

In this study, we show two novel missense mutations in clh-1 change NaCl
concentration preference of C. elegans only after food experience. Genetic analyses revealed that
CLH-1 acts in ASER and that both appropriate quantitative and spatial function of CLH-1 is
required for normal low-salt chemotaxis. Functional imaging of neurons indicated that mutations
in clh-1 altered the responsivity of ASER and AIB neurons, which may consequently affect
behavioral outputs. These results suggest that responsivity of the salt circuit is maintained by

CLH-1 to generate proper navigation behavior in salt chemotaxis.

Results

Missense mutations of clh-1 give rise to a disorder in food-associated salt concentration

chemotaxis

C. elegans is attracted to the salt concentration at which they have been fed, while they avoid
concentrations at which they have been starved (Figure 1a and Figure 1—figure supplement 1a).
To better understand the molecular mechanisms of salt chemotaxis plasticity, we screened for
mutants that showed defects in salt chemotaxis after feeding but not after starvation (See
Materials and methods, Figure 1—figure supplement 1b). Two mutants, JN572 and JN577,
showed a similar phenotype: impaired chemotaxis toward low salt after feeding on NaCl-free

nematode growth medium (NaCl-free NGM, hereinafter referred to as cultivation at 0 mM

5
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94  NaCl). Chemotaxis to high salt after feeding on NGM with a salt concentration of 100 mM NacCl
95  (hereinafter referred to as cultivation at 100 mM NaCl), and chemotaxis after starvation were
96 comparable to those of wild-type animals (Figure 1b and Figure 1—figure supplement 1c).
97  Neither shortened nor extended cultivation at 0 mM NaCl did not ameliorate the defects (Figure
98  1—figure supplement 1d, e), suggesting that the impaired chemotaxis is not due to the delay of
99  behavioral modification. Rather, the mutants are unable to generate migration bias toward low
100  salt. Consistent with this idea, the mutants showed a preference for high salt after cultivation at
101 50 mM NacCl, under which condition wild-type animals showed unbiased salt preference for
102  either low or high salt concentration (Figure 1b). Taken together, IN572 and JN577 show a

103  defect in chemotaxis toward low salt after cultivation in the presence of food.

104 We mapped mutations of IN572 and JN577 between genetic positions 2.82 and 6.12

105  (cM) on chromosome Il (See Materials and methods, Fay and Bender, 2006; Wicks et al., 2001).
106  Genome sequencing revealed that they carried distinct missense mutations in the clh-1 gene, one
107  of six CIC channels/transporters in C. elegans. Mutations predicted M2931 and 1146T

108  substitutions in CLH-1A in JN572 and JN577, respectively, and they are hereinafter referred to
109  asclh-1(pe572) and clh-1(pe577) (Figure 1—figure supplement 2a, b). Salt chemotaxis defects
110  of the mutants were rescued by a clh-1(wt) genomic fragment, confirming that clh-1 is the

111 responsible gene (Figure 1—figure supplement 2c). We also noticed that extra copies of clh-
112 1(wt) genomic fragment weakened low-salt chemotaxis of wild type, implying that

113 overexpression of CLH-1 could disrupt chemotaxis to low salt (Figure 1—figure supplement 2c).

114 Interestingly, deletion mutants of clh-1, all of which harbor a lesion in the pore-forming

115  transmembrane domain of CLH-1 and hence are putative loss-of-function alleles, showed almost
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116  no discernible defect in salt chemotaxis (Figure 1—figure supplement 2a, 3a). This result

117  suggests that chemotaxis defects of clh-1(pe572) and clh-1(pe577) were caused by anomalous
118  activity of clh-1. To characterize the nature of clh-1 missense alleles, we observed food-

119  associated salt chemotaxis of heterozygotes. clh-1(pe572)/wt and clh-1(pe577)/wt showed

120  normal low-salt chemotaxis, demonstrating that both missense alleles are recessive to wild-type
121 allele (Figure 1c). Also, we noted that the effects of both missense alleles on salt chemotaxis are
122 dosage-dependent, that is, clh-1(pe572)/clh-1(tm1243) and clh-1(pe577)/clh-1(tm1243) showed a
123 modest defect in salt chemotaxis to low salt after cultivation at 0 mM NaCl in contrast to the

124  strong defect of clh-1(pe572)/clh-1(pe572) and clh-1(pe577)/clh-1(pe577) (Figure 1—figure

125  supplement 3b). Furthermore, we unexpectedly found that clh-1(tm1243) conferred a weak

126  resistance to an acetylcholine receptor agonist, levamisole. On the contrary, clh-1(pe572) or clh-
127  1(pe577) caused an enhanced sensitivity to levamisole if compared with wild type, suggesting
128  these alleles may not be simple reduction-of-function alleles (Figure 1—figure supplement 3c).
129  Together, these data show that clh-1(pe572) and clh-1(pe577) (hereinafter collectively referred to
130  as clh-1(pe)) are recessive neomorphic mutations whose salt chemotaxis phenotype appears in a

131  dosage-dependent manner.

132 Given that salt chemotaxis may be affected by the dosage of clh-1(pe) alleles, we

133 wondered if overexpression of clh-1(pe) can give rise to salt chemotaxis defect. To examine this
134  possibility, we introduced either clh-1(pe) genomic DNA fragments into wild type or clh-

135  1(tm1243) mutants. Overexpression of mutant clh-1 conferred defects in low-salt chemotaxis in

136  both genomic backgrounds, demonstrating that excess clh-1(pe) override the canonical clh-1(wt)

137  function (Figure 1—figure supplement 3d). Therefore, excess clh-1, either wild-type or pe
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138  alleles, can impair low-salt chemotaxis. In conclusion, clh-1(pe572) and clh-1(pe577) are

139  neomorphic alleles that disrupt chemotaxis to low salt after cultivation at 0 mM NacCl.

140

141 CIC proteins redundantly act in salt chemotaxis

142  All CIC anion channels/transporters characterized so far function as either homodimers or

143 heterodimers (Accardi, 2015; Stolting et al., 2014a). This raised the possibility that mutant CLH-
144 1 molecules impaired the function of other CLH gene products by forming heterodimers with
145  them, thereby resulting in defective salt chemotaxis. To examine this, we observed salt

146  chemotaxis of the mutants whose clh genes were deleted individually or in combinations. The C.
147  elegans genome carries 6 CIC genes (clh-1 through clh-4 for channel, and clh-5 and clh-6 for
148  transporter, predicted from a key amino acid residue and subcellular localization, Figure 2—

149  figure supplement 1a, Schriever et al., 1999; Nehrke et al., 2000). Each single mutant except for
150  clh-5(tm6008) showed normal salt chemotaxis under fed conditions (Figure 2a, Figure 2—figure
151  supplement 1b). For multiple mutants, we started from clh-2(0k636) clh-1(tm1243) double

152  mutants because they had the highest homology (52% identity) among clh genes. Although the
153  double mutant showed no chemotaxis defect, triple mutants with either clh-3(ok763) or clh-

154  6(tm617) showed impaired chemotaxis toward high salt regions, indicating that they act

155  redundantly with clh-1 and clh-2 (Figure 2b, Figure 2—figure supplement 1c). Triple mutants
156 clh-3(0k763) clh-2(0k636) clh-1(tm1243) and clh-5(tm6008) clh-2(0k636) clh-1(tm1243) showed
157  a weak defect in chemotaxis to low salt. However, the phenotype of clh-1(pe572) and clh-

158  1(pe577) mutants was not recapitulated in any tested mutants. Interestingly, the defect of clh-

159  5(tm6008) clh-2(0k636) clh-1(tm1243) were partially restored in clh-3(ok763) clh-5(tm6008)
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160  clh-2(0k636) clh-1(tm1243) quadruple mutants (Figure 2b). These results suggest that the
161  chemotaxis defect of clh-1(pe) mutants is unlikely to be due to impairment of other CLH

162  proteins.

163

164  CLH-1 acts in ASER to affect salt preference after cultivation at 0 mM NacCl

165 It has previously been reported that clh-1 is expressed in hypodermal cells, seam cells, D-cells of
166  the vulva, and neuronal and glial cells of the head (Grant et al., 2015; Nehrke et al., 2000). These
167  expression patterns were confirmed with a transcriptional reporter (clh-1p::nls4::mTFP, see

168  methods). Of the head neurons, we found that at least ASE, AWA, and AWC sensory neurons
169  expressed the reporter (Figure 3a). To determine the site of action of clh-1, we performed cell-
170  specific rescue experiments using clh-1(wt) cONA. The mutant phenotype was rescued when
171 cDNA was expressed either pan-neuronally or specifically in ASER, suggesting that clh-1 acts in
172 the nervous system including ASER (Figure 3b, similar results for pe577, Figure 3—figure

173 supplement 1a). On the other hand, clh-1(wt) cDNA failed to rescue clh-1(pe572) when

174  expressed either in amphid sheath (AmSh) cells, where CLH-1 function as a pH mediator (Grant
175  etal., 2015), or in the left-sided ASE neuron (ASEL) (Figure 3b). Unexpectedly, combined

176  expression of the transgene in ASER and AmSh cells or expression in all ciliated neurons also
177  failed to rescue the phenotype (Figure 3b), albeit it recovered chemotaxis of very limited

178  population of animals. These phenotypes are reminiscent of the weakened low-salt chemotaxis
179 by overexpression of clh-1(wt) genomic fragment (Figure 1—figure supplement 2c), indicating a
180  possibility that excessive function of CLH-1(wt) in the tissue near ASER could disturb low-salt

181 chemotaxis.
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182

183  Morphology of ASER and localization of CLH-1 are largely unaffected by missense

184 mutations

185  Head sensory neurons of C. elegans sense environmental stimuli via neural receptive endings,
186  which are comprised of cilia and microvilli (Perkins et al., 1986; Ward et al., 1975; Ware et al.,
187  1975). Function of these endings largely depends on glia which ensheathe them. A recent study
188  showed that AmSh glia regulate the function and shape of AFD thermosensory neuron’s

189  microvilli by modulating efflux of CI" to the extracellular space of the receptive endings (Singhvi
190 etal., 2016). In addition, it has been elucidated that CLH-1 transports anions to maintain

191 intracellular pH of AmSh cells (Grant et al., 2015). These results implied the possibility that the
192  receptive ending of ASER may be impaired in clh-1(pe) mutants. However, we did not find any
193  notable change in the morphology of ASER including its sensory cilium (Figure 3—figure

194  supplement 1b-d). Exposure to different salt and food conditions did not affect the length of
195  ASER sensory cilium both in wild type and in clh-1 mutants, suggesting that the morphology of

196  ASER receptive ending remained largely unchanged (Figure 3—figure supplement 1e).

197 To examine subcellular localization of CLH-1 in ASER, we generated an mTFP-tagged
198  CLH-1 (CLH-1::mTFP). The fusion protein was functional (Figure 3c). Fluorescent signals were
199  detected in the plasma membrane and cell organelles (Figure 3d, left), as previously reported in
200 mammalian CIC channels and CIC transporters, respectively (Jentsch, 2008, 2007). Localization
201 patterns of CLH-1::mTFP with M293I1 mutation were comparable to those of wild type (Figure
202  3d, right). These results indicate that the mutation does not affect intracellular localization of

203 CLH-1.

10
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204

205  Salt stimulus changes intracellular chloride concentration of ASER and this response is

206  altered in clh-1(pe) mutants

207  Previous studies showed that CLH-1 mediates flux of univalent anions including chloride and
208  bicarbonate. Furthermore, electrophysiological characterization of CLH-1 using Xenopus oocytes
209 indicated that CLH-1 is an inwardly rectifying channel that conduct CI- (Grant et al., 2015;

210  Nehrke et al., 2000). Our genetic analyses suggested the clh-1(pe) mutations might be

211 neomorphic. To examine whether the mutations affected the property of CLH-1 conductance, we
212 expressed mutant CLH-1 in Xenopus oocytes and measured membrane currents via two-

213 electrode voltage clamping. Wild-type CLH-1 showed inwardly rectifying currents from -160 to
214  -80 mV as previously reported (Figure 4a-e, Grant et al., 2015; Nehrke et al., 2000). Similar

215  currents were also observed in both CLH-1(M2931) and CLH-1(1146T). This result supports the
216 idea that the basic function of CLH-1 as a voltage-dependent anion channel is retained in CLH-

217 1(M293l) and CLH-1(1146T) mutants.

218 Next, we asked how clh-1 mutations disturb salt chemotaxis of C. elegans. We focused
219  on the salt-sensing neuron ASER, one of the site-of-action of clh-1, and which is essential for
220 food-associated salt concentration chemotaxis (Kunitomo et al., 2013). ASER is activated by salt
221 concentration decreases and deactivated by salt concentration increases (Suzuki et al., 2008, see
222 below). Given that CLH-1 localized to the membranous compartments of ASER (Figure 3d) and
223 acted as a chloride channel (Figure 4a-e), we hypothesized that CLH-1 might be involved in

224  chloride dynamics during salt response of ASER. To examine this possibility, we monitored

225  intracellular chloride ([CI7]i) dynamics of ASER by utilizing the genetically encoded chloride

11
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226 indicator, Superclomeleon. This probe is a FRET-type indicator in which the YFP/CFP

227  fluorescence ratio decreases upon binding to chloride ions (Grimley et al., 2013). Animals were

228  cultivated at 0 mM NaCl with food and immobilized in the olfactory chip (Chronis et al., 2007),

229 and a NaCl down-step from 50 mM to 25 mM was applied as salt stimulus. In wild type,

230  YFP/CFP ratio decreased upon salt down-step, indicating that [CI']i of ASER was increased

231 when the neuron was activated (Figure 4f). This response is not, at least solely, mediated by

232 CLH-1 because it was also observed in clh-1(tm1243) mutants. Notably, the magnitude of

233 YFP/CFP ratio change was significantly larger in clh-1(pe) mutants, suggesting that ASER [CIT;

234  greatly increased in mutants (Figure 49).

235

236 ASER salt response is altered in clh-1 mutants

237 Intracellular chloride concentration increase can antagonize depolarization of neurons. We then
238  wanted to look into whether clh-1 mutations affect the activity of ASER in response to salt

239  stimulus. As aforementioned, ASER is activated by salt concentration decreases, which is

240 indicated by an increase in intracellular calcium levels, whereas it is deactivated by salt

241  concentration increases (Suzuki et al., 2008). Such ASER responsivity is basically retained

242  regardless of cultivation salt concentrations or food availability (Kunitomo et al., 2013; Oda et

243 al., 2011).

244 We performed in vivo calcium imaging in wild type and clh-1 mutants using a
245  genetically encoded calcium indicator YC2.6 (Chronis et al., 2007; Horikawa et al., 2010).
246 Animals were cultivated at either 0 mM NaCl or 100 mM NaCl with or without food, and ASER

247  was stimulated by repeated salt concentration changes from 50 mM NacCl to 25 mM NacCl, to

12
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248  observe responses to both down-step and up-step stimuli. After cultivation at 0 mM NacCl, the
249  amplitude of calcium response to the first down-step stimulus was comparable between wild type
250 and clh-1 mutants. However, the response to the second down-step was diminished in clh-1(pe)
251  mutants compared to wild type (Figure 5a, b). A similar trend was observed in the third down-
252 step response. The decay of intracellular calcium level ([Ca?*]i) was small in the clh-1(pe)

253  mutants, which was more evident after salt up-step (Figure 5—figure supplement 1a, b). This
254  diminished decay was likely responsible for the decreased calcium response to the repeated

255  stimuli. On the other hand, ASER salt response of clh-1(tm1243) was similar to that of wild type,
256  except that the decay was significantly large during the first down-step stimulus (Figure 5a, b
257  and Figure 5—figure supplement 1a, b). Interestingly, reduction of ASER response amplitude
258  upon repeated salt down-step stimuli was not obvious after cultivation at 100 mM NaCl with

259  food, although clh-1(pe572) constantly showed small ASER responses (Figure 5¢, d and Figure
260  5—figure supplement 1c, d). Considering the essential role of ASER in salt concentration

261  chemotaxis, these results imply that hampered chemotaxis of clh-1(pe) mutants toward low salt
262  after low-salt cultivation is probably due to the abnormal ASER responsivity to salt

263  concentration change.

264 Consistent with previous reports, salt responses of ASER of starved wild-type animals
265  were not largely different when compared to that of fed animals. However, the ASER activity
266  patterns of clh-1 mutants starved at 0 mM were distinct from those of fed animals (please

267  compare Figure 5, Figure 5—figure supplement 1 and Figure 5—figure supplement 2). After
268  cultivation at 0 mM without food, for example, the amplitude of activation of clh-1(pe577)

269  mutants were even larger than that of wild type (Figure 5—figure supplement 2a-c). Meanwhile,
270 the difference of ASER salt responses between wild type and clh-1(pe) mutants were less

13


https://doi.org/10.1101/2020.02.16.951368
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.16.951368; this version posted February 16, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

271 obvious after starvation at 100 mM NaCl (Figure 5—figure supplement 2e-h). Taking all these
272 into account, we concluded that mutations in clh-1 affect responsivity of ASER, most notably in
273 the reduced response to repeated salt down-step and up-step stimuli after cultivation at 0 mM

274  NaCl with food.

275

276  Behavioral strategies for chemotaxis are disrupted in clh-1(pe) mutants

277  Next, we quantitatively analyzed the navigation behavior of clh-1 mutants to examine which

278  behavioral components are affected. C. elegans utilize at least two behavioral strategies to

279  achieve salt chemotaxis: klinokinesis and klinotaxis. In klinokinesis, migration bias is generated
280 by controlling the frequency of steep turns called pirouettes, which are typically accompanied by
281  reversals and omega turns. The bout of pirouette is triggered according to cumulative salt

282  concentration change along an animal’s progression (Pierce-Shimomura et al., 2001). In

283  klinotaxis, animals gradually curve towards their preferred direction by sensing fluctuation of
284  salt concentration accompanying head bending (lino and Yoshida, 2009). Input to ASER is both
285  required and sufficient for fed animals to generate the two behavioral strategies (Kunitomo et al.,
286  2013; Satoh et al., 2014). We found that klinotaxis bias was severely impaired in clh-1(pe)

287  mutants regardless of cultivation salt concentrations (Figure 6a, Figure 6—figure supplement 1la
288 and c). Klinokinesis bias of the clh-1(pe) animals after cultivation at 100 mM NaCl was

289  comparable to that of wild type (Figure 6b, Figure 6—figure supplement 1d). These results

290  suggest that chemotaxis of clh-1(pe) animals to high salt after cultivation at 100 mM NaCl

291 largely depends on klinokinesis. However, after cultivation at 0 mM NacCl, klinokinesis bias was

292 lost in clh-1(pe) mutants. Up-regulation of pirouette frequency along with salt concentration
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293 increase (dC/dt > 0) was abolished in clh-1(pe) mutant animals (Figure 6b and Figure 6—figure
294  supplement 1b). These results strongly indicate that the defective chemotaxis of clh-1(pe)

295  mutants is due to loss of both klinotaxis and klinokinesis biases after cultivation at 0 mM NaCl.

296  The klinokinesis and klinotaxis of clh-1(tm1243) mutants were comparable to those of wild type

297  (Figure 6a, b and Figure 6—figure supplement 1a, b).

298

299  Reduced salt response of AIB to salt increase in clh-1(pe572) mutants

300 Quantitative analysis of chemotaxis revealed that klinokinesis was disrupted in clh-1(pe572) and
301 clh-1(pe577) mutants upon increase in salt concentration (Figure 6b, Figure 6—figure

302  supplement 1b). To further gain insight into the neural mechanism of this phenomenon, we

303 focused on AIB, a postsynaptic interneuron of ASER which promotes sensory stimulus-

304  dependent reversals, the trigger of pirouettes (Piggott et al., 2011; Zou et al., 2018). Because the
305  synapse between ASE and AIB is proposed as the site of plasticity that regulate klinokinesis bias
306  in salt chemotaxis (Kunitomo et al., 2013; Luo et al., 2014; Wang et al., 2017), we hypothesized
307 that the responsivity of AIB may be altered in these mutants. To examine this possibility, we

308  observed salt responses of AIB in freely behaving animals using a microfluidics arena (Albrecht
309 and Bargmann, 2011). Animals were cultivated at 0 mM NaCl with food and stimulated by an
310  up-step NaCl stimulus from 0 mM to 25 mM. Wild-type animals responded to the salt stimulus
311 by slowing down or reversal (the moving velocity becomes less than zero, Figure 6¢ and Figure
312 6—figure supplement 2). clh-1(pe572) mutants also showed reduction in speed, but the

313  proportion of animals that exhibited reversal was relatively smaller than wild type (see legend for

314  detailed criterion of reversal, Figure 6d). These results agreed with the klinokinesis defect
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315  observed on chemotaxis plates (Figure 6b and Figure 6—figure supplement 1b). Importantly,
316  responses of AIB to salt up-step correlated well with behaviors. AIB was largely activated upon
317  salt stimulus in wild type, whereas less activated in clh-1(pe572) (Figure 6e, f). Collectively, our
318  results indicate that salt signal mediated by AIB is diminished in clh-1(pe572) mutants, and

319  resulted in reduction of turning frequency upon salt up-step after cultivation at 0 mM NaCl.
320
321  Discussion

322 Here, using genetic, molecular, neurophysiological and behavioral analyses, we showed that the
323  CIC chloride channel CLH-1 is involved in migration bias on salt gradient after feeding. This is
324  probably conducted by, i) maintaining ASER responsivity to repeated salt stimuli that affect

325  klinotaxis, and ii) participating in salt up-step response of ASER and thereby of AIB after

326  cultivation at low salt that contribute to klinokinesis (Figure 7). Repeated activation of ASER
327  synchronized with head swing generates biased klinotaxis (Satoh et al., 2014). Calcium imaging
328 of ASER showed reduced responsivity to repeated down-steps in clh-1(pe) mutants (Figure 5a-b
329  and Figure 5—figure supplement 1a). This result implies that temporal resolution of ASER is
330 impaired in the mutants. Behavior analysis revealed that klinotaxis was actually disrupted

331 regardless of previous cultivation conditions (Figure 6a and Figure 6—figure supplement 1a, c).
332 Our data is consistent with the idea that dynamic [Ca?*]; fluctuation in ASER that reflects

333 environmental NaCl concentration change is required for generation of klinotaxis. In addition,
334  clh-1(pe) mutants showed klinokinesis defect upon salt increase after cultivation at 0 mM NaCl
335  (Figure 6b and Figure 6—figure supplement 1b). In agreement with this, ASER response to salt

336 up-step, that is, the R/Ro decay? of [Ca?*];, were reduced in clh-1(pe) mutants (Figure 5a and
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337  Figure 5—figure supplement 1b). Furthermore, the response of AIB and reversal behavior upon
338  salt up-step were reduced in clh-1(pe572) animals (Figure 6d, f). Suppression of AIB activity
339  results in reduction of turning frequency (Gordus et al., 2015; Piggott et al., 2011), which is

340  consistent with the idea that inability of AIB to properly respond salt increase gave rise to

341  reduced migration toward low salt regions.

342 Our results showed that chloride influx into ASER, which was evoked by salt decrease
343  after cultivation at 0 mM, was larger in clh-1(pe) mutants compared to wild type (Figure 4f, g).
344  In general, influx of anion produces outward currents that cause hyperpolarization or prevent
345  depolarization in neurons (Staley et al., 1995). There are several possible mechanisms that could
346  explain increased chloride influx by clh-1(pe) mutations (Figure 7, middle). One is a difference
347  in ASER’s transmembrane chloride potential between genotypes. CIC proteins, as well as other
348  chloride transporters such as KCCs and NKCCs, are involved in the excitability of neurons

349  through their homeostatic roles in regulating cellular ionic milieu (Jentsch, 2008; Stauber et al.,
350 2012). Another possible mechanism is elevated anion intrusion via CLH-1(pe) channels. CIC-2,
351 the closest mammalian homolog of CLH-1, was shown to be involved in chloride influx into

352 neuronal cells, probably due to incomplete rectification (Ratté and Prescott, 2011; Rinke et al.,
353  2010). In C. elegans, CLH-3 inhibit excitability of HSN neurons, which control egg-laying

354  behavior, by directly mediating chloride influx (Branicky et al., 2014). Furthermore, Grant et al.
355  has suggested a possibility that CLH-1 contributes to anion influx with regard to pH maintenance
356 in AmSh (Grant et al., 2015). Since chloride traffic across membranes can affect electrochemical
357  potential of other ions, the altered [CI']i dynamics might affect cellular [Ca?*]i dynamics and

358  excitability. CIC-1, another close mammalian homolog of CLH-1 (37% identity), is involved in
359 excitability of muscle fibers by controlling chloride transportation. Mutations of CIC-1, which
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360 are generally attributed to reduction of channel functions, have been identified to cause

361 incomplete repolarization after action potentials, resulting in prolonged electrical activity and
362  muscle stiffness (Adrian and Bryant, 1974; Fahlke et al., 1995; Pusch et al., 1995; Rhodes et al.,
363  1999; Stolting et al., 2014b; Wu, 2002). These reports lend support to the idea that increased
364  chloride influx affect [Ca?']i dynamics of ASER and thereby reduce responsivity of the cell to
365  salt stimuli. These scenarios, together with further characterization of channel properties of

366 CLH-1, needs to be demonstrated in the future study.

367 In the levamisole resistance test, missense (pe572 and pe577) and the deletion (tm1243)
368 allele of clh-1 showed an opposite phenotype (Figure 1—figure supplement 3c). In addition,

369  overexpression of clh-1(wt) impaired low-salt chemotaxis; the effect was enhanced in the case of
370  clh-1(pe) alleles (Figure 1—figure supplement 2c and 3d). These results suggest that the clh-
371 1(pe) mutations are neomorphic or perhaps hypermorphic alleles. CIC proteins act in homo- or
372 heterodimers (Stolting et al., 2014a). It is not predictable whether CLH-1(pe)/CLH-1(wt)

373 heterodimer shows mutant-type or wild-type activity. The recessiveness of clh-1(pe) mutations

374  (Figure 1c) can be explained by assuming that the heterodimer shows wild-type activity.

375 ASER makes synapses to three first layer interneurons, AIA, AIB and AlY. Activation
376 of AIA and AIY are known to promote forward locomotion, while activation of AIB promotes
377  reversals (Gray et al., 2005; Piggott et al., 2011; Zou et al., 2018). Also, salt response of AIB is
378  markedly changed by salt experience. AIB is activated by salt concentration decrease if

379  previously-experienced salt concentrations were high, whereas it is rather deactivated after

380  cultivation at low salt (Kunitomo et al., 2013; Luo et al., 2014). Here we showed that AIB can be

381 activated by salt increase after cultivation at low salt, which was reduced in clh-1(pe572) mutant
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382  (Figure 6e, f). Considering that ASER is glutamatergic (Serrano-Saiz et al., 2013), there may be
383  both excitatory and inhibitory transmission between ASER and AIB. Indeed, AIB expresses the
384  AMPA-type glutamate receptor GLR-1, which mediates excitatory glutamatergic inputs from
385  sensory neurons (Chalasani et al., 2007; Zou et al., 2018). Besides, it has recently been suggested
386 that the glutamate-gated chloride channel GLC-3 and AVR-14 may mediate inhibitory inputs to
387  AIB (Kuramochi and Doi, 2019; Summers et al., 2015). These observations raise the possibility
388 that glutamate response of AIB depends on the electrochemical gradient of Cl™ across the

389  membrane as well as the balance of excitatory and inhibitory receptors. In other words, under the
390 condition in which inhibitory glutamate receptors were dominant, AIB could be disinhibited by
391  reduction of presynaptic glutamate release. Growing evidence highlights the importance of

392  chloride homeostasis in the function of the nervous system. In mammalian hippocampal neurons,
393 intracellular chloride is elevated during embryonic development and thereby renders GABAergic
394  transmission excitatory, which is necessary for maturation of synaptic network (Pfeffer et al.,
395  2009). Furthermore, chloride transportation through NKCC1 regulates synaptic plasticity and
396  memory formation in adult hippocampal neurons (Deidda et al., 2015). It will be of interest in
397  the future to determine how the extracellular ionic milieu and glutamate receptors orchestrate the

398  responsiveness of AIB.

399 In this study we showed that CIC chloride channels function redundantly in salt

400 chemotaxis of C. elegans. Food-associated salt chemotaxis was normal in each single (clh-

401  1(tm1243) I, clh-2(0k636) 11, clh-3(ok763) 11, or clh-4(0k1162) X) or double (clh-2(ok636) clh-
402  1(tm1243) 11) mutants of CIC chloride channel genes (Figure 2a, b). However, the triple (clh-
403  3(0k763) clh-2(0k636) clh-1(tm1243) I1) mutation had a marked effect on behavior (Figure 2b).
404  Interestingly, all three genes are located very closely on chromosome 11 (4.08 +/- 0.003 cM for
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405 clh-1, 3.46 +/- 0.003 cM for clh-2, 0.50 +/- 0.000 cM for clh-3), suggesting that they are derived
406 by duplication and they might share some evolutionarily conserved functions. The CLH-5

407  putative anion transporter is also located close to the aforementioned CIC channels on

408  chromosome Il: 1.01 +/- 0.007 cM. In addition, mutation of clh-6(tm617) V, which encodes a
409  putative anion transporter and whose single mutation had no effect on salt chemotaxis, also gave
410  rise to salt chemotaxis defect in combination with clh-2(0k636) clh-1(tm1243) Il mutations. Only
411  afew studies so far have addressed functional redundancy of CIC family proteins in an organism
412  (Jeworutzki et al., 2014; Stolting et al., 2014a), and our study provides an insight into functional

413  differences and redundancies of CIC family proteins.
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415  Figure 1 with 3 supplements
416  Two missense mutations in clh-1 give rise to food-associated salt chemotaxis disorder

417 (@) Salt concentration chemotaxis. Animals were cultivated at 0 mM or 100 mM of NaCl with or
418  without food and placed on an assay plate with NaCl gradient. Distribution of animals was

419  quantified by calculating a chemotaxis index. See method for details. (b) Chemotaxis of wild-
420  type animals and two mutants obtained from screening, JN572: clh-1(pe572) and JN577: clh-
421 1(pe577). Dots show the result of individual trials. Bar and the error bar represent mean +/-

422  s.e.m., n = 8 assays, Dunnett’s test, ***p < 0.001, n.s., not significant. (c) Chemotaxis of clh-1
423  heterozygotes. clh-1 homozygotes were crossed with a clh-1(wt) reporter strain that express GFP
424 in pharyngeal muscle (mls13). Resulted F1 animals were used for assay. Dots show the result of
425 individual trials. Bar and the error bar represent mean +/- s.e.m., n = 4, Tukey’s test, ***p <
426  0.001.

427
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Figure 1—figure supplement 1
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429  Figure 1—figure supplement 1

430 Isolation and characterization of salt chemotaxis mutants JN572 and JN577

431 (@) A schematic diagram of salt chemotaxis assay plate. See methods for details. (b) Procedure
432  for forward genetic screening to obtain food-associated salt chemotaxis mutants. Wild-type

433 animals were mutagenized with ethyl methanesulfonate (EMS), and F2 animals were applied for
434  salt chemotaxis assay. Animals that showed defective chemotaxis were isolated and propagated
435  for another round of test to enrich the ratio of mutants. (c) Immobility of wild type, JN572 and
436  JN577. See method for details. Dot shows the result of individual trials. Bar and the error bar
437  represent mean +/- s.e.m., n = 8 assays. (d and €) Chemotaxis of wild type and clh-1 mutants
438  after different duration of pre-assay cultivation. Animals were fed at 0 mM NaCl for 1, 6 or 24
439  hours (d) or 96 hours (from birth until just prior to assay, e) and tested for salt chemotaxis assay.
440 Dot shows the result of individual trials. Bar and the error bar represent mean +/- s.e.m., n = 6,
441  compared with wild type, Dunnett’s test, ***p < 0.001.

442
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Figure 1—figure supplement 2
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Figure 1—figure supplement 2
Missense mutations in clh-1 are responsible for salt chemotaxis defect

(a) Gene structure of clh-1 and the positions of clh-1 mutations. The positions of pe572 (T to C)
and pe577 (G to A) are noted by arrows. 0k658 removes exon 3 to 5, tm1243 removes exon 6
and 7, ga901 removes exon 4 to 10. (b) Predicted protein structure of CLH-1. The positions of
pe572 (1146T) and pe577 (M2931) are noted by arrows. CBS1 and CBS2 indicate cystathionine
beta synthase domains, which are known as protein binding domains. (c) Rescue of clh-1(pe572)
and clh-1(pe577) mutants by a clh-1 genomic DNA fragment. Dot shows the result of individual
trials. Bar and the error bar represent mean +/- s.e.m., n = 4 assays, Tukey’s test, ***p < 0.0001,

**p < 0.01.
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Figure 1—figure supplement 3
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455  Figure 1—figure supplement 3
456  Characterization of clh-1 mutants

457 (@) Chemotaxis of clh-1 deletion mutants. Dot shows the result of individual trials. Bar and the
458  error bar represent mean +/- s.e.m., n = 6 assays, compared with wild type, Dunnett’s test, **p <
459  0.01. (b) pe572 and pe577 show haploinsufficiency. For generating heterozygotes,

460  hermaphrodites of either wild type, clh-1(pe572), clh-1(pe577) or clh-1(tm1243) were crossed
461  with clh-1(tm1243) males which express GFP in pharyngeal muscle (mlIs13), and F1 animals

462  were used for the assay. Dot shows the result of individual trials. Bar and the error bar represent
463  mean +/- s.e.m., n = 5 assays, Tukey’s test, ***p < 0.001, compared with wild-type

464  homozygote. +++p < 0.001, compared with each original missense allele homozygote. ()

465  Levamisole resistance test. Graph shows fraction of non-paralyzed (moving) animals at indicated
466  time after placed on 0.5 mM levamisole. Mean +/- s.e.m., n = 6 assays, compared with wild

467  type, Dunnett’s test, **p < 0.01, *p < 0.05. Asterisks are colored according to the strain (light
468  blue* for clh-1(pe572), deep blue* for clh-1(pe577), green* for clh-1(tm1243) (d) Excess

469  genomic DNA fragments of clh-1(pe572) or clh-1(pe577) recapitulate salt chemotaxis defect in
470  wild type and clh-1(tm1243). Dot shows the result of individual trials. Bar and the error bar

471  represent mean +/- s.e.m., n = 6 assays, Tukey’s test, ***p < 0.001.
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Figure 2 with 1 supplement

CIC genes function redundantly in salt chemotaxis

(a) Chemotaxis of deletion mutants of 6 CIC genes (clh-1 to clh-6). All mutant strains were
outcrossed with wild type more than 4 times. Dot shows the result of individual trials. Bar and
the error bar represent mean +/- s.e.m., n = 5 assays, compared with wild type, Dunnett’s test,
***pn < 0.001. (b) Chemotaxis of clh multiple mutants. Dot shows the result of individual trials.
Bar and the error bar represent mean +/- s.e.m., n = 5 assays, Tukey’s test, ***p < 0.001, **p <

0.01, *p < 0.05, compared with wild type. +p < 0.05, compared between indicated mutants.
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Figure 2—figure supplement 1
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482  Figure 2—figure supplement 1
483  Characteristics of C. elegans CIC anion channels and transporters

484  (a) Comparison of C. elegans (C.e) CLHs, murine (M.m) and human (H.s) CIC-2 and CIC-1.

485  Amino acids altered in clh-1(pe) alleles (deep and light blue) and flanking regions are shown.
486  The “Gating glutamate” residue is boxed, which predicts whether the corresponding CIC protein
487 is an anion channel or a H*/CI- antiporter (Dutzler et al., 2002). Members that carry glutamate
488  (E) at the position is proposed as a H*/CI" antiporter, whereas anion channel if it is valine (V).
489  Although CLH-1 and CLH-2 carry serine (S) residue at this position, they are presumed to be
490  anion channels because they share high similarity with mammalian CIC-2 (Schriever et al., 1999;
491  Nebhrke et al., 2000). (b) Immobility of clh deletion mutants (clh-1 to clh-6). Dot shows the result
492  of individual trials. Bar and the error bar represent mean +/- s.e.m., n = 5 assays, compared with
493  wild type, Dunnett’s test, ***p < 0.001, **p < 0.01. (c) Immobility of clh multiple mutants. Dot
494  shows the result of individual trials. Bar and the error bar represent mean +/- s.e.m.,n =5

495  assays, Tukey’s test, ***p < 0.001, **p < 0.01, *p < 0.05, compared with wild type.
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Figure 3 with 1 supplement

clh-1 acts in the salt sensing neuron ASER

(a) Expression pattern of clh-1p::nls4::mTFP (green) in an adult animal that express
glutamatergic neuron-specific marker eat-4p::nls4::tagRFP (magenta). Three pairs of sensory
neurons, namely, AWA, AWC and ASE expressed clh-1p::nls4::mTFP. Dil, which stain 6 pairs
of head sensory neurons, was also used as a position marker for cell identification (data not
shown). Scale bar = 10 um. (b) Rescue of clh-1(pe572) mutants by cell-specific expression of
clh-1(wt) cDNA. Promoters used in this experiment are as follows; rimb-1p for all neurons, gcy-
5p for ASER, gcy-7p for ASEL, vap-1p for amphid sheath cells, dyf-11p for ciliated neurons.
Dot shows the result of individual trials. Bar and the error bar represent mean +/- s.e.m.,n = 6
assays, Tukey’s test. ***p < 0.001. (c) Chemotaxis of clh-1(pe572) mutants that express clh-
1(wt)cDNA::mTFP in ASER. mTFP-tagged CLH-1 is functional. Dot shows the result of
individual trials. Bar and the error bar represent mean +/- s.e.m., n = 6 assays, Tukey’s test. ***p
< 0.001. (d) Expression of gcy-5p::clh-1(wt)cDNA::mTFP in wild type (left) and gcy-5p::clh-
1(pe572)cDNA::mTFP in clh-1(pe572). Both CLH-1(wt)::mTFP and CLH-1(pe572)::mTFP
fluorescence were observed in membrane of dendrite, soma, axon and cell organelles. Scale bar

= 10 um.
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516  Figure 3—figure supplement 1
517  clh-1 acts in ASER but mutations in clh-1 do not affect gross morphology of ASER

518 (a) Rescue of clh-1(pe577) mutants by ASER-specific expression of clh-1(wt) cDNA. The

519 cDNA was expressed in ASER by gcy-5 promoter. Dot shows the result of individual trials. Bar
520 and the error bar represent mean +/- s.e.m., n = 5 assays, Tukey’s test. ***p < 0.001. (b)

521  Morphology of ASER in wild-type and clh-1 adult animals visualized by gcy-5p::GFP. No gross
522  defect was observed in the mutants. Animals were anesthetized by 10 mM NaNzs. Bright field
523  (top) and stacked confocal fluorescence images (bottom). Scale bar = 10 um. (c) Confocal

524  images of ASER sensory cilium and amphid sheath glial cells in adult animals. Top; bright field,
525  second top; AmSh (vap-1p::mCherry, red), second bottom; ASER (gcy-5p::mTFP, cyan),

526  bottom; merged. Animals were anesthetized by 100 mM levamisole. Scale bar = 5 um. (d)

527  Length of ASER sensory cilium in adult animals. Animals were anesthetized by 100 uM

528 levamisole and ciliary length was measured from confocal images. Mean +/- s.e.m., n = 16

529  animals, Dunnett’s test. (¢) Length of ASER sensory cilium in adult animals after cultivation at
530 the indicated condition. Animals were anesthetized by 100 uM levamisole. Ciliary length was
531  measured from confocal images. Mean +/- s.e.m., n = 8 animals, Tukey’s test.
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Figure 4
Mutations in clh-1 change chloride dynamics of ASER in response to salt down-step stimulus

(a-e) Representative current traces from Xenopus oocytes that express cRNA for mock (a), clh-
1(wt) (b), clh-1(pe572) (c), clh-1(pe577) (d), clamped at voltages ranging from -160 mV to 80
mV. (e) The averaged current-voltage relationships of mock (triangle, n = 7), clh-1(wt) (circle, n
= 20), clh-1(pe572) (diamond, n = 13) and clh-1(pe577) (square, n = 16). The error bars
represent s.e.m. (f) Averaged Superclomeleon responses of ASER after cultivation at 0 mM
NaCl in the presence of food. External NaCl concentration was shifted from 50 mM to 25 mM at
time 50 s. Note that the scale of the vertical axis is inverted so that increase in chloride
concentration is displayed as up-shift of traces. The shaded region represents s.e.m., n = 17
animals. (g) R/Ro changes upon salt decrease. A and B indicate the time points for calculating

R/Ro changes. Mean +/- s.e.m., n =2 17 animals.
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Figure 5 with 2 supplements
Mutations in clh-1 change calcium dynamics of ASER in response to repeated salt stimuli

(a and c) Averaged calcium responses of ASER after cultivation at 0 mM NaCl (a) or 100 mM
NaCl (c) in the presence of food, and stimulated by NaCl concentration changes between 50 mM
and 25 mM. A to | indicate the time points for calculation of R/Ro intensity changes. A, D, and G
are the time points for pre-stimulus R/Ro, B, E, and H are the time points for peak R/Ro during
stimulation, C, F, and | are the time points for decayed R/Ro during stimulation. See methods for
details. The shaded region represents s.e.m., n = 16 animals. (b and d) R/Ro changes at each
NaCl down-step stimulus (B - A, E - D, and H - G for 1st, 2nd, and 3rd stimulus, respectively).
See methods for details. 0 mM NaCl cultivated (b) or 100 mM cultivated (d). Bar and the error

bar represent mean +/- s.e.m., n = 16 animals, Dunnett’s test, **p < 0.01, *p < 0.05.
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Figure 5—figure supplement 1
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560  Figure 5—figure supplement 1

561  clh-1 missense mutations affect calcium dynamics of ASER

562  (aand b) Decay of ASER calcium response during 25 mM NaCl (a) and 50 mM NacCl (b).

563  Animals were cultivated at 0 mM NacCl in the presence of food and stimulated by repeated salt
564  concentration change as shown in Figure 5a. Differences of R/Ro intensities at the time points
565 illustrated in figure 5a (B to 1) were calculated along with time. Calculation of “decayl” during
566 25 mM NaCl (a) was as follows; B - C for 1st, E - F for 2nd, H - | for 3rd. Calculation of

567  “decay2” during 50 mM NaCl (b) was as follows; C - D for 1st, F — G for 2nd. See methods for
568 details. Bar and the error bar represent mean +/- s.e.m., n = 16 animals, Dunnett’s test, **p <
569  0.01, *p < 0.05. (c and d) Animals were cultivated at 100 mM NaCl in the presence of food.

570  Decays were calculated of as same as described in (a and b), see methods for details. Bar and the

571  error bar represent mean +/- s.e.m., n 2 16 animals, Dunnett’s test, **p < 0.01, *p < 0.05.
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Figure 5—figure supplement 2
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Figure 5—figure supplement 2

The clh-1(pe) mutations less affect calcium dynamics of ASER in starvation-experienced

animals

(a and b) Calcium responses of ASER after cultivation at 0 mM NaCl (a) or 100 mM (b) in the
absence of food and stimulated by NaCl concentration changes between 50 mM and 25 mM. The
shaded region represents s.e.m., n = 8 animals. (c to h) Averaged R/Ro intensity changes at each
NaCl down-step stimulus (b, f), decay of ASER calcium response during 25 mM NaCl (c, g) or
50 mM NaCl (d, h). 0 mM cultivated (b-d) or 100 mM cultivated (f-h). Calculation of R/Ro
changes and decays was performed as same as Figure 5a and Figure 5—figure supplementl. See
methods for details. Bar and the error bar represent mean +/- s.e.m., n 2 8 animals, Dunnett’s

test, ***p < 0.001, **p < 0.01, *p < 0.05.
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585  Figure 6 with 2 supplements

586  Missense mutations in clh-1 attenuate both klinotaxis and klinokinesis, also AIB response and

587  reversal in response to salt increase.

588 (aand b) clh-1(pe) mutants show defects in migration bias in salt chemotaxis. Bias of klinotaxis
589  (a) and klinokinesis (b) are represented by the weathervane index and pirouette index,

590  respectively. In both mechanisms, positive and negative indices indicate migration bias towards
591  higher and lower salt concentrations, respectively. Bar and the error bar represent mean +/-

592  s.e.m., n = 18 assays, Dunnett’s test, ***p < 0.001, **p < 0.01, *p < 0.05. (c and e) Averaged
593  locomotion speed of animals (c) and GCaMP6s responses of AIB (e) after cultivation at 0 mM
594  NaCl in the presence of food. In (e), A and B indicate the time points for calculation of Averaged
595  R/Ro changes. NaCl concentration change from 0 mM to 25 mM at 25sec. The shaded region

596  represents s.e.m., n = 19 animals. (d) Proportion of animals that showed reversal after salt

597  stimulus. Reversal was defined as follows; backward locomotion, whose velocity was less than -
598 100 um/sec, was continued for more than 1 second (35 frames). The error bars represent s.e.m., n
599 = 19 animals, Fisher’s test. (f) Averaged F/Fo change (B - A, see methods). Bar and the error bar

600  represent mean +/- s.e.m., n = 19 animals, two-tailed t-test with Welch’s correction.
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Figure 6—figure supplement 1
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602  Figure 6—figure supplement 1

603  Quantification of navigation behaviors

604  (aand b) Chemotaxis after cultivation at 0 mM NaCl in the presence of food. Migration bias of
605  Klinotaxis is represented by curving rate (a) and the bias of klinokinesis is represented by

606  probability of pirouette (b). dC/dn represents spatial gradient of NaCl concentration

607  perpendicular to the direction of centroid movement of the animal. Note that migration biases in
608  both klinotaxis and klinokinesis toward low salt are weak in the clh-1(pe) mutants. The error bars
609  represents.e.m., n = 18 animals, compared with the basal weathervane index (dC/dn = 0) or the
610 basal pirouette index (dC/dt = 0), Dunnett’s test, ***p < 0.001, **p < 0.01, *p < 0.05.

611  Asterisks are colored according to the strain (red* for wild type, light blue* for clh-1(pe572),

612  deep blue* for clh-1(pe577), green* for clh-1(tm1243)). (c and d) Chemotaxis after cultivation at
613 100 mM NaCl in the presence of food. Migration bias of klinotaxis (c) and klinokinesis (d).

614  Klinotaxis, but not klinokinesis toward high salt is weak in the clh-1(pe) mutants. The error bars
615  represent s.e.m., n = 19 animals, compared with the basal weathervane index (dC/dn = 0) or the
616  basal pirouette index (dC/dt = 0), Dunnett’s test, ***p < 0.001, **p < 0.01, *p < 0.05. Asterisks

617  are colored according to the strain.
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Figure 6—figure supplement 2
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619  Figure 6—figure supplement 2

620  Quantification of reversal behaviors in microfluidics arena

621  Locomotion of wild type and clh-1(pe572). Locomotion of animal was categorized as either
622  forward (white) or reversal (red). Twenty second recordings, consisting of each 10 seconds of
623  before and after salt up-step stimulation (arrowhead), were aligned. Each row represents each

624  individual. n = 19 animals.
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Figure 7

A model for the mechanism of low salt chemotaxis.

Animals experience salt concentration changes along with migration on salt gradient, which is
depicted by blue waves (top). The salt information is sensed by the ASER neuron and translated
into intracellular calcium transients (middle). In the clh-1(pe) mutants, calcium responses of
ASER to repeated salt stimuli is diminished after cultivation at low salt concentration. This is
probably due to increased chloride influx into the cell upon depolarization. Although the
mechanism for increased chloride influx is currently unknown, we suggest two possible
scenarios; increased extracellular chloride level (right) and increased chloride influx by CLH-
1(pe) (left). Reduced responsivity of ASER then results in hampered migration bias toward low

salt both in klinokinesis and klinotaxis (bottom).
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638 Materials and methods

639  C. elegans strains and culture

640  Bristol N2 was used as wild-type C. elegans. All mutant strains were outcrossed multiple times
641  with N2. E. coli NA22 was used as a food source for behavioral analyses including salt
642  chemotaxis assay. For imaging experiments, OP50 was used as a food source. Strains used in this

643  study are listed in Supplementary file 2.

644
645  Behavioral tests

646  Salt chemotaxis assays were performed as previously reported with minor modifications

647  (Kunitomo et al., 2013). Chemotaxis assay plate was prepared as follows. On top of an agar plate
648 (2 % agar, 25 mM potassium phosphate (pH6.0), 1 mM CaClz, 1 mM MgSOQg, 8.5 cm in diameter
649  and 1.76 mm in thickness with 10 mL agar), NaCl gradient was created by placing two

650  cylindrical agar blocks (14.5 mm in diameter and 5.3 mm in thickness) that contained 0 mM

651  (position A) or 150 mM (position B) of NaCl in the composition of background plate.

652  Cylindrical agar blocks were removed after 18 to 20 hours, just before assay. Animals were

653  cultivated on regular nematode growth medium (NGM, Brenner, 1974) to young adults, and

654  further cultivated for pre-assay cultivation on NGM plates that contained either 0 mM or 100

655 mM NaCl in the presence or absence of food for 6 hours. Next, fifty to two hundred worms were
656  collected, washed twice with wash buffer (50 mM NaCl, 25 mM potassium phosphate (pH6.0), 1
657 mM CaCl,, 1 mM MgSOs, 0.02% gelatin), then placed at the center of the assay plate. Animals
658  were allowed to run for 45 min. One microliter each of 0.5 M NaN3 was spotted to the position A

659  and B so that worms that had reached to these positions were immobilized. The number of
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660  worms (N) within area A and B (a 2 cm radius from the center of each agar cylinder’s position A
661 and B) and area O (ellipse with radii 20 mm and 10 mm around the start point) as well as the
662  total number of worms on assay plate were counted to calculate the chemotaxis index and

663  immobility index as follows (Figure 1—figure 1supplement 1a).

664  Chemotaxis index = (N - Na) / (Ntotat — No)

665  Immobility index = No / Notal

666  The values of chemotaxis index 1.0 and -1.0 represent complete migration towards higher and
667  lower salt concentrations, respectively, whereas zero value represents no preference for salt
668  concentration (unbiased migration) or a preference for concentration near the central region.
669  Levamisole resistance was determined on agar plates that contained 0.5 mM drug at room

670  temperature. Body paralysis was defined as the lack of body movement in response to prodding

671 by toothpick by visual inspection every 15 min (Gottschalk et al., 2005; Lewis et al., 1980).

672
673  Forward genetic screening and identification of the responsible gene

674  Wild-type animals were mutagenized with ethyl methanesulfonate (EMS) as described (Brenner,
675  1974). Progenies were tested for food-associated salt concentration chemotaxis and mutants were
676  selected; worms that showed defective chemotaxis were collected from the assay plate and

677  propagated for testing at the next generation. This process was repeated until F6. We screened
678  approximately 24,000 F2 animals and obtained 7 independent mutants. After being outcrossed
679  with N2, two mutant strains JN572 and JN577 were further analyzed. Other mutants will be

680  described elsewhere.
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681 We mapped the responsible gene for IN572 and JN577, each respectively appeared to be
682  clh-1(pe572) and clh-1(pe577) (see text), by using single nucleotide polymorphisms (SNPs)

683  between N2 and CB4856 (Fay and Bender, 2006; Wicks et al., 2001) Both of these mutations
684  were mapped between 2.82 (SNP: WBVar00175127) and 6.12 (SNP: WBVar00176673) on

685  chromosome Il. Genome sequences identified a missense mutation in clh-1 in each strain. We
686  performed rescue experiments using fosmids and genomic PCR fragment of candidate genes.
687  Both mutants were successfully rescued by WRM0612bF09 (fosmid) or genomic PCR fragment
688  of clh-1/T27D12.2. Thus we concluded clh-1 was the causative gene. pe572 wasa G to A

689 transition, whose 5’ and 3’ flanking sequences are TGCACATTCTCGGCGCCTAT and

690 GGAGGTAGGGCTTAACCCTT, respectively. pe577 was a T to C transition, whose 5" and 3’
691  flanking sequences are GATTTTCATCGATATGGGAA and TGAGTATCTGATTCATTGTG,

692  respectively.

693

694  Genotyping

695  Alleles of each gene locus were verified by PCR using sequence-specific primers for the target

696  sequences. Genotyping primers used in this study are listed in Supplementary file 3.

697
698  clh-1 expression constructs

699  Full length clh-1a/T27D12.2a cDNA clones for wild type, clh-1(pe572) and clh-1(pe577)
700  mutants were obtained by RT-PCR using sequence-specific primers (5'-

701  GCTAGCCAGGATGGAAGACGCCGTCGTCGT -3"and 5'-
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702  GGTACCTTAGCGGGTTTCGTCATCCG -3'). PCR products were cloned to the pDEST vector

703 (Invitrogen) as a Nhel-Kpnl fragment, and whose sequence was confirmed.

704 clh-1 genomic DNA fragments (clh-1gDNAs) were prepared by PCR using sequence-
705  specific primers (5'- ATTGCACACATAATTGCGGTAGAC -3’and 5'-
706 TTGACCCATAAGGTGTAGGCTGC -3'). The nucleotide sequence of open reading frame was

707  confirmed.

708

709  Plasmid construction

710  Vectors for cell-specific expression in C. elegans were generated using the GATEWAY system
711 (Invitrogen). For clh-1 promoter, a 7.5 kb DNA fragment that contains 4.0 kb upstream of

712 transcription initiation site and 3.5 kb downstream of the first exon of clh-1a were amplified
713 from C. elegans genome (primers: 5'- GCACACATAATTGCGGTAGAC -3'and 5'-

714 CGCATTTTCTTGAACCCTGG -3"), and cloned into an entry vector, pPENTR-1A. For vap-1
715 promoter, which specifically expresses in amphid sheath glial cells (Bacaj et al., 2008), we

716  amplified 2.5 kb upstream of the first exon of vap-1 (primers: 5'-

717  ATTTATAGAAAGTTTCCAAA -3'; 5'- CTGTGAAAATGAACGCACGC -3"). pDEST-

718  SL2::nls4::mTFP was generated by ligating the trans-spliced leader sequence SL2, four repeats
719  of the nuclear localization signal, and the fluorescence protein mTFP and cloned into pDEST
720  vector. For pDEST-clh-1cDNA::mTFPs, Kpnl-EcoRV fragment from pDEST-mTFP was cloned
721  into the pDEST-clh-1cDNA vectors. Superclomeleon (Grimley et al., 2013) was codon-

722 optimized for expression in C. elegans using Codon adapter (Redemann et al., 2011),

723 synthesized, and cloned into pDEST vector. The expression constructs pG-clh-1p::nis4::mTFP,
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724 pG-rimb-1p::clh-1(wt)cDNA, pG-gcy-5p::clh-1(wt)cDNA, pG-gcy-7p::clh-1(wt)cDNA, pG-dyf-
725  11p::clh-1(wt)cDNA, pG-vap-1p::clh-1(wt)cDNA, pG-gcy-5p::Superclomeleon were created by
726  site-specific recombination between pENTR and pDEST plasmids. Other plasmids have been

727  described previously and details are available upon request.

728

729  Generation of transgenic animals

730  Expression constructs or genomic PCR fragments were injected at 0.1-50 ng/ul along with a co-
731 injection marker (in many case pG-myo-3p::venus or pG-lin-44p::GFP, 5-10 ng/ul ) and

732 pPD49.26 carrier DNA (a gift from Andrew Fire, up to 100 ng/ul). For comparison among

733 genotypes, the transgene was initially introduced into wild-type background and transferred to
734  other genetic backgrounds by cross. IN2249 was generated by injecting pG-clh-1p::nls4::mTFP
735 and lin-44p::mCherry into an expression marker strain Is[rimb-1p::nls4::mCherry; eat-

736  4p::nls4::tagRFP; lin-44p::GFP].
737
738  Fluorescence microscopy and measurement of sensory cilium length

739  Day 1 adults were mounted on 5% agar and anesthetized by 10 mM NaNs, or 100 um

740  levamisole. Images were captured using a Leica HCX PL APO 40x/0.85 CORR CS objective or
741  an HC PL APO 63%/0.40 CS objective on a Leica TCS-SP5 confocal microscope. The length of
742 ASER sensory cilium was measured by simple neurite tracer plugin of ImageJ. All depicted

743  representative fluorescent images were Z-stacked.

744
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745  Invivo calcium imaging and chloride imaging

746  Ratiometric fluorescence reporters Yellow Cameleon 2.6 and Superclomeleon were used for

747  calcium and chloride imaging, respectively. We found no obvious defects in salt chemotaxis of
748  the animals that carried these reporters in wild-type background. Imaging experiments were

749  performed as described (Iwata et al., 2011; Kunitomo et al., 2013) with minor modifications.

750  Worms were cultivated on standard NGM seeded with OP50 until adulthood and further

751  incubated for 6 hours at distinct salt concentrations with or without food. Worms were then

752  trapped in a polydimethylsiloxane (PDMS) microfluidics device (Chronis et al., 2007), and NaCl
753  concentration steps were delivered to the nose tip by switching imaging solutions (25 mM

754  potassium phosphate (pH 6.0), 1 mM CaClz, | mM MgSOs, 0.02% gelatin, NaCl at the indicated
755  concentrations and glycerol to adjust their osmolarity to 350 mOsm). Time-lapse imaging was
756  conducted with a DMI 6000B microscope (Leica) equipped with an HCX PL APO 63x objective
757  (NA, 1.40), L5 filter set (a combination of 430/40nm band-path excitation filter and a 40%

758  transmittance ND filter at 535/40nm dichromatic mirror, Leica), DualView (Filter sets: 505dcxr
759  with 480/40nm and 535/40nm emission filters), and ImageM EM-CCD camera (Hamamatsu) at
760  two frames per second. All recordings were started 3 min after mounting to stabilize the light
761  response of animals. Fluorescence intensity of the soma was measured. The region of interest
762  (ROI) was tracked by Track Objects function of Metamorph software (Molecular Devices). For
763  each frame, fluorescence intensity of the ROI was calculated by subtracting the background

764  intensity (averaged fluorescent intensity adjacent to the ROI) from the average intensity of the
765  ROI. The ratio of YFP/CFP fluorescence was referred to as R. Ro was defined as the average of R
766  over 50 frames (25 sec) prior to stimulation, and the fluorescence intensity ratio relative to Ro

767  (R/Ro) were calculated for a series of images. For traces, R/Ro was averaged for all worms at each
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768  time point. The average R/Ro change of Superclomeleon was calculated as the difference

769  between the value of last 10 sec during 25 mM salt stimulus and that just prior to salt

770  concentration change (Figure 4f; [averaged R/Ro during B] - [averaged R/Ro during A]). The

771  average R/Ro change of YC2.6 (e.g. Figure 5b) was calculated as the difference between the

772 highest value of 10 sec moving average of R/R0O during 25 mM NaCl stimulus (R/Ro peak) and
773 10 sec average of R/Rq just prior to corresponding NaCl decrease (e.g. [averaged R/Ro peak of B]
774 - [averaged R/Ro during A] for the 1st, [averaged R/Ro peak of E] - [averaged R/Ro during D] for
775  the 2nd, [averaged R/Ro peak of H] - [averaged R/Ro during G] for the 3rd in Figure 5a). Note
776  that the time point used for R/Ro peak differs between individuals because rise speed was

777  different between clh-1 genotypes. R/Ro decayl (e.g. Figure 5—figure supplement 1a) was

778  calculated as the difference between the R/Ro peak and the average of last 10 sec R/Ro during 25
779  mM NaCl stimulus (therefore just prior to 50 mM NaCl up-step; e.g. [averaged R/Rq during B] -
780  [averaged R/Ro peak of C] for the 1st, [averaged R/Ro during E] - [averaged R/Ro peak of F] for
781  the 2nd, [averaged R/Ro during H] - [averaged R/Ro peak of I] for the 3rd, in Figure 5a). R/Ro
782  decay2 (e.g. Figure 5—figure supplement 1b) was calculated as the difference between the

783  average of last 10 sec R/Ro during 25 mM NaCl stimulus and the average of last 10 sec R/Ro

784  during the following 50 mM NaCl period (e.g. [averaged R/Ro during C] - [averaged R/Ro during

785 D] for the 1st, [averaged R/Ro during F] - [averaged R/Ro during G] for the 2nd, in Figure 5a).

786
787  Electrophysiology
788  We synthesized capped CLH-1 cRNAs using T7 mMESSAGE mMACHINE kit (Ambion) and

789  purified by lithium chloride precipitation. cRNA was quantified by spectroscopy. For oocyte
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790  preparation, we anesthetized female X. laevis in cold MS-222 solution, and excised lobes of

791  ovaries from a small incision made in the posterior ventral side. Oocytes were obtained by

792  defolliculation; incubation of ovaries in 0.2% collagenase (Wako) in modified Barth’s solution
793  (MBSH) for 2 to 5 hours. Oocytes were washed and incubated at 16°C in MBSH with 100U/ml
794  penicillin and 0.1mg/ml streptomycin overnight. Thereafter, oocytes were injected with cRNA
795  mix for a final amount of 40-50 ng/oocyte. Oocytes were incubated in MBSH at 16°C for 2 to 3
796  days before recording. Currents were measured using a two-electrode voltage-clamp amplifier
797  Oocyte Clamp OC-725C (Warner) at room temperature. Electrodes (0.3—1 mQ) were filled with
798 3 M KClI, and then oocytes were perfused in saline with the following composition (in mM): 100
799  NaCl, 2 KCI, 1 CaCly, 2 MgCl», 10 HEPES, pH 7. For data acquisition and analysis, pPCLAMP

800  suite of programs (Molecular Devices) were used.

801
802  Quantitative analysis of animals’ behavior

803  Quantitative behavior analysis was conducted as described previously with modifications (Jang
804 etal., 2019; Kunitomo et al., 2013). Briefly, animals and chemotaxis assay plates were prepared
805  as ordinary salt chemotaxis assay except that NaNs was omitted. To reduce the chance of

806  collision of worms, only 30-50 worms were placed. Images of whole assay plate were acquired
807  for 15 min at one frame per second. Probability of pirouette and curving rate were calculated as
808  previously described (Jang et al., 2019). Pirouette index was defined as the difference of

809  pirouette probability between negative dC/dT rank and positive dC/dT rank. Weathervane index
810  was defined as the slope of the regression line in relationship between NaCl gradient in normal

811  direction and the curving rate. We exploited data in the range of -0.3 to 0.3 for dC/dT, and -2 to 2
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812  for dC/dn because both pirouette probability and curving rate converged towards zero with high
813  variability in the range of highly negative or positive dC/dT or dC/dn range, probably due to

814  small number of data points at the gradient peaks. We calculated data of each plate, then showed
815 average and s.e.m. in figures. Data from 40 to 540 sec were used to calculate the behavioral

816  parameters because trajectories of worms were highly interrupted by collision of worms before

817 40 sec.

818
819  Calcium imaging of AIB in freely moving animal

820  Animals expressed GCaMP6s and mCherry in AIB (JN3329, see Supplementary file 2). Worms
821  were cultivated on standard NGM until young adulthood and further incubated overnight on

822  NGM plates with 0 mM NaCl. 20~25 worms were washed out from the plate, and injected into a
823  PDMS microfluidic device (Albrecht and Bargmann, 2011). After few minutes of acclimation to
824  the PDMS environment under continuous flow of imaging solution without NaCl (see In vivo
825 calcium imaging and chloride imaging for composition), a 25 mM NaCl up-step was delivered
826  to worms. Bright-field images for locomotion analysis were acquired at 33 frames per second
827  and fluorescence images for AIB activity were acquired at 4 frames per second with a BX51

828  microscope (Olympus) equipped with a halogen light source (U-LH100IR), a motorized stage
829  (HV-STUO02- 1, HawkVision), an LMPlanF1 5x objective (NA, 0.13), U-25ND25 (Olympus), a
830 combination of 480/40nm band-path excitation filter and a 25% transmittance ND filter at

831  505/40nm dichromatic mirror (Leica), DualView (Filter sets: 565dcxr with 520/30nm and

832  630/50nm emission filters), and a CCD camera (GRAS-c3K2M-C, Point Grey Research).

833  Tracking of particular animal was performed using a Linux-based software (Satoh et al., 2014).
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834  Average fluorescence intensity of GCaMP6s and mCherry of the soma were determined by

835  correcting the position of region of interest. After subtracting background, fluorescent intensity
836 of GCaMP6s was normalized by that of mCherry. Average fluorescence intensity over 50 frames
837  (12.5 sec) prior to stimulation was set as Fo and the fluorescence intensity relative to Fo (F/Fo)
838  were calculated for a series of images. For traces, F/Fo was averaged for all worms at each time
839  point. The F/Fo change in response to stimulation, we calculated the difference of averaged F/Fo
840  between 125 to 175 frames for peak and 51 to 100 frames for baseline (i.e. [averaged F/Fo during
841  B] - [averaged F/Fo during A] in Figure 6e). Reversal was defined as backward movement whose
842  averaged velocity was less than 0 um/s (Figure 6—figure supplement 2, colored in red). In

843  Figure 6d, animals those showed obvious reversal response (reversed longer than 35 frames (1
844  sec) within 105 frames (3 sec) after salt up-step stimulus at velocity less than -100 um/s) were
845  counted as “reversed animals” to exclude short spontaneous reversals that occur independent of

846  salt stimulus (Figure 6—figure supplement 2, short red bouts).

847

848  Data analyses

849  The sample sizes were experimentally determined, with referring to those previously reported.
850  Repeats of most experiments were performed in three to six separate days. Statistical analyses

851  were performed using Prism v.5 (GraphPad software, San Diego, CA).

852
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Supplementary file 2: Strains used in this study
Strain | Genotype Source
N2 C. elegans wild type. CGC
JIN572 clh-1(pe572) Il This study
JIN577 clh-1(pe577) Il This study
JIN1638 clh-1(tm1243) II. cGc®@
JIN1639 clh-1(ok658) II. cGc®@
JN2285 clh-1(qa901) II cGC®@
PD4788 mis13 1. From M. Edgley

(Rea et al., 2005)

JN2376 Ex[myo-3p::Venus]. This study
JIN1644 clh-1(pe572) II; Ex[myo-3p::Venus]. This study
JIN1645 clh-1(pe577) Il; Ex[myo-3p::Venus]. This study
- Ex[clh-1(wt)gDNA; myo-3p::venus]. This study
- clh-1(pe572) II; Ex[clh-1(wt)gDNA; myo-3p::venus]. This study
- clh-1(pe577) 1I; Ex[clh-1(wt)gDNA; myo-3p::venus]. This study
JN2230 mis13 I; clh-1(tm1243) II. This study
CB1072 unc-29(e1072) I. CGC
JN2207 clh-1(tm1243) II; Ex[myo-3p::venus]. This study
JIN2263 peEx2263[clh-1(pe572)gDNA; myo-3p::venus]. This study
JN2265 clh-1(tm1243) II; peEx2263[clh-1(pe572)gDNA; myo-3p::venus]. This study
JIN2267 peEx2267[clh-1(pe577)gDNA; myo-3p::venus]. This study
JIN2269 clh-1(tm1243) II; peEx2267[clh-1(pe577)gDNA; myo-3p::venus]. This study
JN2231 clh-2(ok636) Il. cGC @
JIN2260 clh-3(ok763) II. cGc®@
JN2286 clh-4(0k1162) I1. CGC®@
JN2261 clh-5(tm6008) II. CGC®@
IN2262 clh-6(tm617) V. CcGC @
JN2250 clh-2(0k636) clh-1(tm1243) Il. This study
JN2288 clh-3(0k763) clh-2(0k636) clh-1(tm1243) II. This study
JN2289 clh-2(ok636) clh-1(tm1243) II; clh-4(ok1162) X. This study
JN2290 clh-5(tm6008) clh-2(0k636) clh-1(tm1243) II. This study
JN2291 clh-2(0k636) clh-1(tm1243) II; clh-6(tm617) V. This study
JN2325 clh-3(ok763) clh-2(0k636) clh-1(tm1243) II; clh-4(ok1162) X. This study
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JIN2326 clh-3(0k763) clh-5(tm6008) clh-2(0k636) clh-1(tm1243) 1. This study

Is[rimb-1p::nis4::mCherry;  eat-4p::nis4::tagRFP; lin-44p::GFP]; peEx2249[clh-1p::nis4:mTFP; lin- .
JN2249 This study
44p::mCherry].

JIN2241 clh-1(pe572) II; peEx2241[rimb-1p::clh-1(wt)cDNA; myo-3p::Venus]. This study
JIN2243 clh-1(pe572) Il; peEx2243[gcy-5p::clh-1(wt)cDNA; myo-3p::Venus]. This study
JIN2244 clh-1(pe572) Il; peEx2244[gcy-7p::clh-1(wt)cDNA; myo-3p::Venus]. This study
JN2245 clh-1(pe572) Il; peEx2245[gcy-5p::clh-1(wt)cDNA; gcy-7p::clh-1(wt)cDNA; myo-3p::Venus]. This study
JIN2242 clh-1(pe572) Il; peEx2242[dyf-11p::clh-1(wt)cDNA; myo-3p::Venus]. This study
JIN2247 clh-1(pe572) Il; peEx2247[vap-1p::clh-1(wt)cDNA; myo-3::Venus]. This study
JIN2246 clh-1(pe572) Il; peEx2246[gcy-5p::clh-1(wt)cDNA; vap-1p::clh-1(wt)cDNA; myo-3p::Venus]. This study
JIN2229 clh-1(pe577) Il; peEx2229[gcy-5p::clh-1(wt)cDNA; myo-3p::Venus]. This study
CGC
OH3192 ntls1[lin-15(+); gcy-5p::GFP] V. (Tomioka et al.,
2006)
JIN2377 clh-1(pe572) II; ntls1[lin-15(+); gcy-5p::GFP] V. This study
JN2378 clh-1(pe577) II; ntls1[lin-15(+); gcy-5p::GFP] V. This study
JN2379 clh-1(tm1243) II; ntIs1[lin-15(+); gcy-5p::GFP] V. This study
JN2215 ntls1[lin-15(+); gcy-5p::GFP] V; peEx2215[vap-1::mCherry]. This study
JIN2217 clh-1(pe577) II; ntls1[lin-15(+); gcy-5p::GFP] V ; peEx2215[vap-1p::mCherry]. This study
JN2218 clh-1(tm1243) II; ntIs1[lin-15(+); gcy-5p::GFP] V ; peEx2215[vap-1p::mCherry]. This study
JN2255 clh-1(pe572) II; peEx2255[lin-44p::GFP]. This study
JN2248 clh-1(pe572) Il; peEx2248[gcy-5p::clh-1(wt)cDNA::mTFP; lin-44p::GFP]. This study
JN2222 peEx2222[gcy-5p::clh-1(wt)cDNA:mTFP; lin-44p::GFP]. This study
JN2256 clh-1(pe572) 11; peEx2223[gcy-5p::clh-1(pe572)cDNA::mTFP; lin-44p::GFP]. This study

) (Jang et al,
JN2102 Ex[gcy-5p::YC2.60; lin-44p::mCherry].

2019)
JN2219 clh-1(pe572) 1l; Ex[gcy-5p::YC2.60; lin-44p::mCherry]. This study
JN2220 clh-1(pe577) Il; Ex[gcy-5p::YC2.60; lin-44p::mCherry]. This study
JN2221 clh-1(tm1243) II; Ex[gcy-5p::YC2.60; lin-44p::mCherry]. This study
JN2321 peEx2321[gcy-5p::CeSuperclomeleon; lin-44p::mCherry] This study
JIN2322 clh-1(pe572) Il; peEx2321[gcy-5p::CeSuperclomeleon; lin-44p::mCherry] This study
JN2323 clh-1(pe577) Il; peEx2321[gcy-5p::CeSuperclomeleon; lin-44p::mCherry] This study
JIN2324 clh-1(tm1243) II; peEx2321[gcy-5p::CeSuperclomeleon; lin-44p::mCherry] This study
JN3329 Ex[npr-9p::GCaMP6s; npr-9p::mCherry; lin-44p::GFP] This study
JN2345 clh-1(pe572); Ex[npr-9p::GCaMP6s; npr-9p::mCherry; lin-44p::GFP] This study

a: These strains were outcrossed to N2 four to eight times in our lab before use.
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Supplementary file 3: Genotyping primers used in this study
Primer name Primer Sequence 5 — 3’
clh-1(pe572) F@ CTTGCACATTCTCGGCGCATAT
clh-1(pe572) R® GCAGGTAGTGGCAAAGAATG
clh-1(pe577) F TTGTCGAGGACTGGTTCATC
clh-1(pe577 R GACTCACAATCAGATACTGA
clh-1(tm1243) F1 TGGTGTGCTATGGATTTGGA
clh-1(tm1243) F2 TTTGTTGTCGAGGAATTGCC
clh-1(tm1243) R CGAAGAGAGCTCCGAGAAGA
clh-1(ok658) F1 CCTCAGCACCTCCCCAAATTA
clh-1(ok658) F2 CCGAAACTTCATGCTAGAGTC
clh-1(ok658) R AAAACCCCAAACCCAAAATC
clh-1(qa901) F1 CCTAGTAAAGAGGCAGGTACGTG
clh-1(qa901) F2 CCAACTGTACCCTCTGGAAGC
clh-1(qa901) R CGGCATAAAGTCCAGGGTAGATC
clh-2(ok636) F1 CTTCCTCGCCTTCACTGTGTTC
clh-2(0k636) F2 TGGTAAACCAGCAGGACAGTCG
clh-2(ok636) R1 GGCAATGGAGAGGAGATATTGAGAG
clh-3(0k763) F1 CCCATCTTCATCGCCACTTTC
clh-3(0k763) F2 CGTACTGAATGGGAGGATATGATG
clh-3(0k763) R CCCATCTTCATCGCCACTTTC
clh-4(ok1162) ® F GTCAGCGCGTTCTACCAAACAAG
clh-4(ok1162) ® R1 GCTCCGCAAACAAGATCATCTGAC
clh-4(ok1162) ® R2 CAAGCCAAAGATCCTGAATGCTCC
clh-5(tm6008) F1 GGAGATCATTCTTCTGTGCATTGG
clh-5(tm6008) F2 CTTCTCTGGTCCTCTCGTAAC
clh-5(tm6008) R GCGTGATTAGCATGACTTCGTAG

65



https://doi.org/10.1101/2020.02.16.951368
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.16.951368; this version posted February 16, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

clh-6(tm617) F1 GCTCCAAGACAGCCTCCAATTATTC
clh-6(tm617) F2 CCTATCCAAGCTATCATTACGGTCCAC
clh-6(tm617) R CTGGACTCGTCGCTGCATTTATTG

a: F signifies forward and R signifies reverse.

b: in clh-4(0k1162), it has revealed by sequencing that 2.6 kb between exon7 and exon 18 were substituted to another 1.4 kb sequence in
the allele, which mutation presumably destroy the function of CLH-4 protein.

853

854
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