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Figure 1. Salt concentration learning
of C. elegans.

Wild-type C. elegans animals are
attracted to the salt concentration at
which they have been fed (left),
whereas they avoid it if they have been
starved (right)
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Figure 2. Two missense mutations in clh-l give rise to food-associated salt chemotaxis disorder.

(a) Chemotaxis of wild-type animals and two mutants obtained from screening, JIN572: clh-1(pe572) and INS77:
clh-1(pe577). Dots represent individual trials. Bars and the error bars represent mean +/- s.e.m., n = 8§ assays, Dunnett’s test,
***p<0.001. (b) Rescue of clh-1(pe572) and clh-1(pe577) mutants by clh-1 genomic DNA fragments. Dots represent

individual trials. Bars and the error bars represent mean +/- s.e.m., n

= 4, Tukey’s test, ***p<0.001, **p<0.01, n.s. not

significant. (c) Chemotaxis of c/h-1 heterozygotes. clh-1 homozygotes were crossed with a c/h-1(wt) reporter strain that
express GFP in pharyngeal muscle (mls/3). Resulted F1 animals were used for assay. Dots represent individual trials. Bars

and the error bars represent mean +/- s.e.m., n =

4, Tukey’s test, ***p<0.001, n.s. not significant.
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Figure 3. clh-1 acts in the salt-sensing neuron ASER.
(a) Expression pattern of clh-1p::nis4::mTFP (green,
bottom left) in an adult animal. At least three pairs of
sensory neurons, AWA, AWC and ASE expressed the
marker. eat-4p::nis4::tagRFP and Dil, that marks
glutamatergic neurons (magenta, top right) and six pairs of
head sensory neurons (not shown), respectively, were used
as position markers for cell identification. 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. Dots represent individual
trials. Bars and the error bars represent mean +/- s.e.m., n
= 6 assays, Tukey’s test. ***p<0.001.
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Figure 4. Calcium dynamics of ASER in response to repeated salt stimuli is altered in c/h-I mutants.

(a and c) Calcium responses of ASER stimulated by NaCl concentration changes between 50 mM and 25 mM after
cultivation at 0 mM NaCl (a) or 100 mM NacCl (¢) in the presence of food for 6 hr. A to I indicate the time points for
calculation of R/Ry changes. A, D, and G are the time points for pre-stimulus R/Ry, B, E, and H are the time points for

peak R/R; during stimulation, C, F, and I are the time points for decayed R/R, during stimulation. The shaded region
represents s.e.m., 7 = 16 animals. (b and d) R/R, changes at each NaCl down-step stimulus (B - A, E - D, and H - G for the
Ist, 2nd, and 3rd stimulus, respectively). 0 mM NaCl cultivated (b) or 100 mM cultivated (d). See Materials and methods for
details. Bars and the error bars represent mean +/- s.e.m., dots represent individual trials. n = 16 animals, Tukey’s test,
**p<0.01, *p<0.05. +p<0.05, compared with clh-1(pe572) mutant. (f) Responses of SuperClomeleon expressed in 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. A and B indicate the time points for calculating R/R, changes. The shaded region represents s.e.m., n = 17
animals. (g) R/Ry changes upon salt decrease. Mean +/- s.e.m., dots represent individual trials. n = 17 animals, Tukey’s test,

**%p<0.001, *p<0.05, compared with wild type. +p<0.05, compared with c/h-1(pe572) mutant.
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Figure 5. Missense mutations in c/h-1 attenuate both klinotaxis and klinokinesis, as well as AIB response and reversal
in response to salt increase.

(a and b) clh-1(pe) mutants show defects in migration bias in salt chemotaxis. Bias of klinotaxis (a) and klinokinesis (b),
represented by weathervane index and pirouette index, respectively. In both mechanisms, positive and negative values
indicate migration bias toward higher and lower salt concentrations, respectively. Bars and the error bars represent mean +/-
s.e.m., dots represent individual trials. n = 18 assays, Dunnett’s test, ***p<0.001, **p<0.01, *p<0.05. (c and e) Locomotion
speed of animals (c) and calcium responses of AIB (e) after cultivation at 0 mM NaCl in the presence of food. In panel (e), A
and B indicate the time points for calculation of F/F, changes. NaCl concentration change from 0 mM to 25 mM at 25 s. The
shaded region represents s.e.m., n = 25 animals. (d) Proportion of animals that showed reversal after salt stimulus. Reversal
was defined as follows; backward locomotion, whose velocity less than =100 pm/sec was continued for more than 1 s (35
frames). The error bars represent s.e.m., n = 25 animals, Fisher’s exact test. ***p<0.001, *p<0.05. (f) F/F, change upon salt
stimulus (B - A, see Materials and methods for details). Bars and the error bars represent mean +/- s.e.m., dots represent
individual trials. n = 25 animals, Tukey’s test, ***p<0.001, **p<0.01.
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Summary

Taste preference is determined by environmental factors such as dietary habits as well as by genetic factors. It
is proposed that an associative learning of taste experience and emotion upon eating plays an important role in
formation of taste preference. However, mechanisms as to how sensory information and internal state of the
brain are integrated and memorized, and how feeding behavior is regulated based on the memory are not fully
understood. Taste-dependent learning is an essential ability for animals to adapt to the natural environment,
therefore such ability is found even in animals with a simple nervous system. The soil nematode Caenorhabditis
elegans migrates toward the salt concentration at which it has been fed, while avoid the concentration at which it
experienced starvation. Preference for a particular salt concentration depends on either food or salt-concentration
conditions. Therefore, salt chemotaxis of C. elegans is a form of associative learning in which food and salt
concentration are memorized (salt concentration learning). Our goal is understanding of the mechanisms by
which exploratory behavior is regulated based on memory at the molecular and cellular level. In this study, we
elucidated the function of a CIC channel of C. elegans whose mutations resulted in defects in salt concentration
learning.

Through genetic analyses of the mutants, we identified two independent missense mutations in the c/h-/ gene
as the responsible factor for salt concentration learning. c/A-1 is one of the six CIC anion channel/transporter genes
of C. elegans. Interestingly, loss of function of c/h-1 showed no defects in salt chemotaxis, suggesting that the
mutations conferred a novel activity to the CLH-1 channel in the mutants. Functional imaging approaches
revealed that CLH-1 contributes to the salt response of a gustatory neuron through regulating intracellular chloride
ion concentration.  Salt response of the gustatory neuron as well as the responses of the postsynaptic interneurons
that regulate exploratory behavior were severely weakened in the mutants. CIC channels are conserved in
humans, and some are involved in genetic diseases. Our results may contribute to understanding the roles of CIC

channels in the nervous system in higher organisms.



