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20  Abstract

21 Animal behaviors are robust and flexible. To elucidate how these two conflicting
22 features of behavior are encoded in the nervous system, we analyzed the neural circuits
23  generating a C. elegans thermotaxis behavior, in which animals migrate toward the past
24  cultivation temperature (T.). We identified multiple circuits that are highly overlapping
25  but individually regulate distinct behavioral components to achieve thermotaxis. When
26  the regulation of a behavioral component is disrupted following single cell ablations, the
27  other components compensate the deficit, enabling the animals to robustly migrate
28  toward the T.. Depending on whether the environmental temperature surrounding the
29 animals is above or below the T, different circuits regulate the same behavioral
30  components, mediating the flexible switch between migration up or down toward the T..
31  These context-dependencies within the overlapping sub-circuits reveal the
32  implementation of degeneracy in the nervous system, providing a circuit-level basis for
33  the robustness and flexibility of behavior.
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35  Introduction

36 Animal behaviors exhibit two conflicting features, robustness and flexibility. Animals
37  robustly execute behavior despite external and internal perturbations (Macmillan, 2000;
38  Maddox, 1994; Meyer et al., 1998), but flexibly behave within a variable environment
39  owing to the adaptation to external and internal changes (Honma et al., 2003; Okamoto
40  and Aizawa, 2013; Saper et al., 2002). These two features lead animals to better chance
41  of survival and reproduction, and also provide animals with higher evolvability
42 (Edelman and Gally, 2001; Whitacre and Bender, 2010). Reconciling robustness and
43  flexibility is thus a fundamental aspect for every biological system (Heinl and Grabherr,
44  2017; Kitano, 2004; Meir et al., 2002). However, it remains unclear how biological
45  systems, especially the nervous system, can generate robust and flexible outputs.

46 With a compact nervous system consisting of only 302 neurons, the free-living
47  nematode Caenorhabditis elegans exhibits navigation behaviors that are robust and
48  flexible. Behaviors with such features are well exemplified by thermotaxis and
49  chemotaxis. C. elegans animals can memorize environmental stimuli such as
50  temperature or ion concentration in association with their feeding state (Hedgecock and
51  Russell, 1975; Kunitomo et al., 2013). When placed on the region in a thermal gradient,
52  where the temperature is higher than that of the past environment, animals migrate
53  down the gradient toward the past cultivation temperature (T.). The migration is robust
54  in a variety of thermal environments (Jurado et al., 2010; Ramot et al., 2008) and with
55  deficiencies in the nervous system (Beverly et al., 2011; Luo et al., 2014a). By contrast,
56  when placed on the region with a temperature lower than the T., animals flexibly switch
57  from migration down to up the gradient (Hedgecock and Russell, 1975; Ito et al., 2006).
58  Also in chemotaxis, animals show both the robust execution of migrations (lino and
59  Yoshida, 2009; Luo et al., 2014b; Wang et al., 2017) and the flexible switching between
60  migrations up and down salt gradients (Klein et al., 2017; Ohno et al., 2014).

61  Nevertheless, how robust and flexible migration in thermotaxis and chemotaxis is
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62  achieved remains poorly understood.

63 A growing body of evidence suggests that neurons of C. elegans are
64  multifunctional (Li et al., 2014; M. Liu et al., 2018), allowing a single neuron to
65  contribute to multiple aspects of information processing within one or more circuits. By
66  contrast, multiple distinct neurons often contribute to similar information processing
67  (Beverly et al., 2011; Koo et al., 2011; Trojanowski et al., 2014). These one-to-many
68 and many-to-one mappings in the nervous system, which are observed over many
69 different animal species (Jankowska, 2001; Leonardo, 2005; Schiller, 1996; Shih et al.,
70  2015), can be theoretically considered within the framework of degeneracy (Edelman
71 and Gally, 2001; Tononi et al., 1999). Degeneracy refers to conditions where a system is
72 conceptually composed of multiple subsystems whose components are partially shared.
73 In this form, subsystems can coordinately produce the same output in some cases and
74  produce different outputs from each other in other cases. Degeneracy is proposed to be
75 one of a few strategies for a system to possess robustness and flexibility together
76 (Wagner, 2005; Whitacre, 2010). Recently, two examples of C. elegans neurons with
77  characteristics that suggest the implementation of degeneracy have been reported. 1)
78  Depending on the temperature range during thermotaxis behavior, two thermosensory
79  neurons, either AFD and AWC or AFD and ASI, are shown to be responsible for
80  migration down a thermal gradient toward the T, (Beverly et al., 2011). 2) Pharyngeal
81 interneuron I1 can excite and inhibit the pumping rate via two different pharyngeal
82  motor neurons, MC and M2, independently (Trojanowski et al., 2014). However, it
83  remained unknown whether and how neural circuits, working together as a network
84  system, implement degeneracy and how robustness and flexibility emerge from such
85  circuit systems as features of behavior.

86 Here, we addressed these questions by analyzing the neural circuits generating C.
87 elegans thermotaxis. By combining high-throughput behavioral analysis and

88  comprehensive cell ablations, we identified sub-circuits that regulate behavioral
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89  components, such as turns, reversals, and curves. These sub-circuits, required for the
90  regulation of individual behavioral components, were distinct but highly overlapping. In
91 a shared interneuron among sub-circuits, the regulation of different behavioral
92  components was encoded in different ranges of neural activity according to the animals’
93  moving direction relative to the T.. We further found that when a deficiency in a
94  sub-circuit was created, the behavioral components mediated by other sub-circuits
95 compensated the defect, leading to the robust migration toward the T.. Depending on
96  whether the animals are above or below the T, similar but different sub-circuits
97  generated opposing outputs in the same behavioral components, leading to the flexible
98  switching between migrations up and down thermal gradients. Thus, our results
99  demonstrate the implementation of degeneracy in the nervous system, identify a neural
100  basis of circuit degeneracy, and show that circuit-level degeneracy ensures animals to
101 execute robust and flexible behaviors.

102
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103 Results

104  Migration toward the Cultivation Temperature Is Driven by the Flexible
105  Regulations of Multiple Behavioral Components

106 C. elegans animals are known to navigate using a series of stereotyped movements,
107  designated behavioral components (Croll, 1975; lino and Yoshida, 2009;
108  Pierce-Shimomura et al., 1999). We first attempted to extract the behavioral components
109  during thermotaxis by employing a Multi-Worm Tracker (MWT) (Swierczek et al.,
110  2011). MWT simultaneously captured the positions and postures of approximately 120
111 animals (Figure 1A), and these data were further analyzed by a custom-built MATLAB
112  script to detect the behavioral components (see Materials and methods).

113 For the thermotaxis assays, we set cultivation temperature (T.) as 20°C and the
114  temperature of the center in the assay plate as either 17°C or 23°C (Figure 1B). Animals
115  were placed at the center of the plate, and then we evaluated the animals’ migrations by
116  calculating thermotaxis index (TTX index), according to the equation shown in Figure
117 1C. TTX index is 1 when all the animals are in the coldest fraction of the plate and 8
118  when all the animals are in the warmest fraction. Consistent with our previous report
119  (lto et al., 2006), the animals reached their T, within approximately 30 minutes in two
120  conditions (Figure 1D and Movie S1), plate centered at 17°C or 23°C. In this study, we
121 thus focused on the first 30 minutes from the start of the assays. To analyze the
122 behaviors during the migrations toward the T., we analyzed the animals that were
123  distributed in the center four fractions of the assay plate; 15.5-18.5°C for the T<T,
124  condition and 21.5-24.5°C for the T>T. condition (Figure 2A). Behaviors were
125  essentially classified into three behavioral components: turns, reversals, and curves
126 (Figure 2B). Turns were further classified into omega turns and shallow turns (Kim et
127  al., 2011; Schild and Glauser, 2013), and reversals were further classified into reversals
128  and reversal turns (Croll, 1975; Pierce-Shimomura et al., 1999; Salvador et al., 2014).

129 Our analyses show that the behavioral components were oppositely biased
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130  depending on whether the animals were moving below or above the T, (T<T. or T>T,
131 conditions, respectively) (Figures 2C—E). The frequencies of turns and reversals were
132  measured as a function of the entry directions 6, where 0 is the difference between the
133 moving direction right before these behavioral events and the vector pointing to the
134  warm side of the thermal gradient (Figure 2C). In the T<T, condition, the frequencies of
135 turns and reversals were higher when the animals were moving down the thermal
136  gradient (6>90) than when the animals were moving up the thermal gradient (6<90),
137  whereas in the T>T. condition, the frequencies were higher when the animals were
138  moving up the thermal gradient (6<90) than moving down the thermal gradient (6>90)
139  (Figure 2C). We also measured the fraction of the exit direction @ after the turns and the
140  reversals, where @ is the angle between the direction right after these behavioral events
141  and the vector pointing to the warm side of the thermal gradient (Figure 2D). The exit
142  directions of shallow turns and reversals were biased toward the T, both in the T<T, and
143  T>T. conditions; biased toward the warm side (®<90) in the T<T. condition whereas
144  biased toward the cold side (®>90) in the T>T, condition (Figure 2D).

145 We also analyzed two components associated with forward movement: the curve
146  direction and the locomotion speed. Curve direction was measured as the angle ¢,
147  where ¢ was the angle between the past moving direction and the current moving
148  direction (Figure 2E). Similar to the exit directions of shallow turns and reversals, curve
149  direction was biased toward the warm side (¢>0) in the T<T. condition and biased
150 toward the cold side (p<0) in the T>T, condition (Figure 2E). The locomotion speed
151  also showed the opposite bias under the T<T. or T>T, conditions. In the T<T, condition,
152  the locomotion speed was faster when the animals were moving up the thermal gradient
153 (8<90) than when the animals were moving down the thermal gradient (6>90), whereas
154  in the T>T, condition, the locomotion speed was faster when the animals were moving
155  down the thermal gradient (6>90) than moving up the thermal gradient (6<90) (Figure

156  2F). It should be noted that in the T>T, condition, the biases of turns, reversal, and
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157  curves were observed in the time windows earlier than the biases in the T<T. condition
158  (Figures S1A-S1E), which may enable the faster migration toward the T, when the
159  animals are moving down toward the T, than moving up toward the T, (Ito et al., 2006;
160  Luoetal., 2014a) (Figure 1D).

161 Taken together, our results suggest that sensory inputs of temperature increment
162  and decrement are processed differently according to the relative position of the animals
163  to the T, in which the behavioral components were oppositely regulated in T<T. and
164  T>T. conditions, thereby enabling the animals to migrate toward the T..

165

166  Different Sets of Behavioral Components Are Employed Depending on Different
167  Temperature Environment Relative to the T,

168  Although the biases of behavioral components likely play essential roles in thermotaxis
169  behavior (Figure 2), whether those biases are necessary and sufficient to drive the
170  animals to migrate toward the T. is unclear. To address this question, we conducted
171 Monte Carlo simulations of animals’ migrations on the thermal gradient. In the
172 simulation, we defined an animal’s state by its position in the assay plate (x, y) and the
173 direction of its movement relative to the vector pointing to the warm side of the thermal
174  gradient (8) (Figure 3A). We updated the states of animals every second, according to
175  the experimental data of the turning frequencies, the exit directions of turns and curves
176 (P and @), and speeds (v), as functions of 6 and T versus T, (Figure SLA-S1F, see
177  Materials and methods). Similar to the animals observed in thermotaxis assays,
178  computer-simulated animals (sims) moved up and down the thermal gradient toward the
179  T. within 30 minutes (Figure 3B and Movie S2), suggesting that the behavioral biases
180  shown in Figure 2 are sufficient for the animals to reach the T..

181 The simulation was also executed to examine the contributions of the individual
182  behavioral components. First, we simulated the situations in which the sims could not

183 use one of the behavioral components (see Materials and methods). In the T<T,
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184  condition, the removal of the curves impaired the increase of the TTX index most
185  severely. In the T>T, condition, the removal of the reversal turns impaired the decrease
186  of the TTX index most severely (Figure 3C). Second, we performed the simulations in
187  which the sims used only one of the behavioral components. In the T<T, condition, the
188  sims using only the curves showed the most dramatic increase of the TTX index (Figure
189  3D), whereas the sims using only the reversal turns showed little increment of the index.
190 By contrast, in the T>T, condition, the reversal turns were most effective in decreasing
191  the TTX index, and the curves also significantly caused a decrement of the TTX index.
192  These analyses suggest that different sets of behavioral components contribute to the
193  migration of the animals toward the T, depending on the context (T versus Te).

194 We further assessed separately the contributions of the biases in the frequencies
195 and the exit directions. The simulations in which the sims used only the frequency of
196  reversal turns showed the increase of the TTX index (Figure 3E), whereas the sims
197 allowed to use only the exit direction did not show any increment (Figure 3F). By
198  contrast, the simulations in which the sims using only the exit direction of shallow turns
199  showed an increase of the index (Figure 3F), whereas the sims used only the frequency
200  showed little increment (Figure 3E). These results showed that the bias in the frequency
201  of reversal turns contributes to the migration of the animals toward the T., whereas the
202  bias in the exit direction of shallow turns contributes to the migration.

203 Although these results are consistent with the possibility that the difference of the
204  temperature environment relative to the T, is responsible for the different employment
205  of the behavioral components (Figures 3C and 3D), it is also possible that the difference
206  of absolute temperature may be responsible, since the animals are migrating in different
207  temperature ranges (Figure 2A). Indeed, temperature itself is known to affect the turning
208  frequencies and the speed of animals (Ryu and Samuel, 2002) (Figure S1G). To exclude
209 the effect of absolute temperature, we next fixed the temperature of the center in the

210  assay plate as 20°C and set the T as 17°C or 23°C (Figures S2A and S2B). Also in these
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211  two conditions, our thermotaxis simulation reproduced the experimental data (Figure
212 S2H). The simulations that disabled or allowed different individual behavioral
213  components showed that 23°C cultivated animals moved up the thermal gradient toward
214  the T, by employing mainly the curves, whereas 17°C cultivated animals moved down
215  the thermal gradient toward the T. by employing mainly the reversal turns and the
216  curves (Figures S21 and S2J). These results are similar to the results when T, was
217  constant and the center temperature varied (Figure 3), suggesting that context, not
218  absolute temperature, is the important factor controlling impact of various behavioral
219  components. Taken together, our results suggest that the animals switch the thermotactic
220  behavioral strategies depending on the context of the temperature inputs, below or
221  above the T..

222

223  Overlapping but Distinct Neural Circuits Are Recruited for the Context-dependent
224  Regulation of Individual Behavioral Components

225  To investigate how the biases of the behavioral components are encoded in neural
226 circuits during thermotaxis behavior, we attempted to identify the neurons that regulate
227  the behavioral components. Ablations of individual neurons (Figure 4A) were
228  performed by expressing reconstituted caspases (Chelur and Chalfie, 2007) or
229  mito-miniSOG (Qi et al., 2012) (Table S1, see Materials and methods). We ablated
230 individual neurons such as thermosensory neurons AFD, AWC and ASI (Beverly et al.,
231  2011; Biron et al., 2008; Kuhara et al., 2008; Mori and Ohshima, 1995), locomotory
232 command interneurons AVA and AVE and head motor neurons RMD, RME, SMB, and
233  SMD that had been previously shown to regulate a backward locomotion or a steering
234  behavior, respectively (Chalfie et al., 1985; Hart et al., 1995; Hendricks et al., 2012;
235  Kocabas et al., 2012), and a series of interneurons that are predicted to be critical for
236 mediating information transmission or integration (Donnelly et al., 2013; Kotera et al.,

237  2016; Li et al., 2014; Ma and Shen, 2012). To evaluate how individual cell ablations
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238  affect the regulations of the behavioral components, we performed the thermotaxis
239  simulations by using the experimental data of each behavioral component in the
240  cell-ablated animals (Figures S5-S7). To quantify the performance of the simulations,
241  we calculated migration index following the equation shown in Figure 4B. The
242  difference between the TTX indices of cell-ablated animals and the indices of wild-type
243  animals at a constant temperature was calculated every one minute and then summed up
244  within 1-30 min. The value was divided, for normalization, by the summation of the
245  difference between the indices of wild-type animals on the thermal gradient and the
246  indices on the constant temperature. This index is 0 when biases of the behavioral
247  components do not achieve any migration toward the T, and +1 (—1) when biases
248  achieve the same migration as wild-type animals in the T<T, (T>T,) condition.

249 The ablations of AFD, AIB, AlZ, and SMD abolished the indices of the curves in
250  both T<T. and T>T, conditions (Figure 4C), suggesting that these neurons play key
251  roles in the regulation of the curves. Interestingly, the ablations of other neurons had
252  different impacts on the indices of the curves under the T<T. or T>T, conditions. For
253  example, the ablation of AWC impaired the indices only in the T<T. condition, whereas
254  the ablations of RIA and AVA impaired the indices only in the T>T, condition. The
255  index of the AlY-ablated animals was almost zero in the T<T. condition but had
256 non-zero value in the T>T, condition. These results suggest that the different neurons
257  are recruited to regulate the curves under the T<T. or T>T, conditions (Figure 4D). We
258  applied the same analyses on the exit directions of the shallow turns (Figures 4E and
259  S5C) and the speeds (Figures 4G and S5E). The indices of the shallow turns in the
260  AlY-ablated animals were abolished (Figure 4E) in the T<T, condition but remained
261  relatively normal in the T>T. condition. The indices of the speeds in the ASI-ablated
262  animals and the AlZ-ablated animals were abolished in the T>T. condition but remained
263  relatively normal in the T<T. condition (Figures 4G). These results suggest that

264  different neural circuits are also recruited to regulate the shallow turns and the speeds
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265  under the T<T. or T>T, conditions (Figures 4F and 4H).

266

267 Redundancy and Compensatory Interactions among Sub-circuits Ensure Robust
268  Migration toward the T, under the Deficient Circuits

269  Unlike the case of the curve, the shallow turn, and the speed, none of the ablations of
270  single sensory neuron abolished the migration index of the reversal turns (Figures 5A
271  and S6A), which were employed mainly in the T>T, condition (Figures 3C-3E). To
272  examine whether AFD and AWC sensory neurons, each of which shows small
273  contribution to the indices (Figures 5A), redundantly regulate the reversal turns, we
274  silenced AFD and AWC simultaneously. The indices of AFD-AWC double ablated
275  animals were impaired more severely than those of the single ablated animals (Figures
276  5C and S6B). We further analyzed the reversal turns of gcy-23 gcy-8 gcy-18 ceh-36
277  quadruple mutants, where gcy-23 gcy-8 gey-18 triple mutants and ceh-36 mutants have
278  been regarded as the AFD-deficient animals and the AWC-deficient animals,
279  respectively (Inada et al., 2006; Lanjuin et al., 2003). Similar to the AFD-AWC double
280 ablated animals, the index of gcy-23 gcy-8 gcy-18 ceh-36 quadruple mutants was
281  abolished and was lower than the indices of gcy-23 gcy-8 gcy-18 triple mutants and
282  ceh-36 mutants (Figures 5C and S6B). The index of eat-4 mutants, which encodes the
283  vesicular glutamate transporter EAT-4 expressed in both AFD and AWC (Ohnishi et al.,
284  2011), was also completely impaired (Figures 5D and S6C). This phenotype was
285  partially rescued by AFD-specific expression or AWC-specific expression of a wild-type
286  eat-4 cDNA (Figures 5D and S6B). These results support the idea that temperature input
287  from both AFD and AWC are required to fully achieve the regulation of the reversal
288  turns and that input from only AFD or only AWC can be independently processed to
289  regulate the reversal turns.

290 We also noticed that the impairments in the index of a behavioral component

291  sometimes accompany with the enhancement in the index of other behavioral
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292  components. The ablations of AIA, AVE, and SMB impaired the indices of the speeds
293  and the reversal turns (Figures 4G and 5A), whereas the indices of the curves and the
294  omega turns of these cell-ablated animals were larger than the indices of wild-type
295  animals (Figures 4C and 6A). Also, RIS-ablated animals showed the impaired index of
296  the curves and the shallow turns (Figures 4C and 4E) but showed the enhanced index of
297  the reversal turns (Figure 5A). Since the TTX indices in the assays showed that
298  RIS-ablated animals and AVE-ablated animals migrated toward the T, as successfully as
299  wild-type animals (Figures 6D and 6E), the enhanced regulations of the behavioral
300 components might help the migrations of the cell-ablated animals. Indeed, when we
301  simulated the situations in which the reversal turn of RIS-ablated animals were replaced
302  with those of the wild-type animals (Figure 6G), the decrement of the TTX index was
303  partially prevented, suggesting that the enhanced regulation of the reversal turns helps
304 the migration of RIS-ablated animals. The same kind of analyses on AVA-ablated
305  animals also supported the compensatory interaction among the behavioral components
306  (Figure 6H). It should be noted that none of the single-cell ablations, including the
307  ablation of the sensory neurons and the motor neuron (Figures 6B and 6F), completely
308 eliminated the migration toward the T.. These results suggest that deficiencies in the
309 nervous system are compensated by the sub-circuits regulating the behavioral
310  components to execute the robust migration toward the T..

311

312  Context-dependent Information Processing in a Single Interneuron Enables the
313  Regulation of Multiple Behavioral Components

314  To understand how multiple behavioral components can be regulated in overlapping
315  sub-circuits, we monitored the neural activity of AIB interneuron, which regulates both
316  curves and the reversal turns in the T>T. condition (Figures 4D, 5B, and 7A). We
317 performed Ca*" imaging in freely moving animals using the single-worm tracking

318  (SWT) system (Tsukada et al., 2016) (Figure 7B). Like in MWT, we observed the bias
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319  of both curve and reversal turn frequency using SWT (Figure 7C); when the animals
320  were moving up the thermal gradient (6<90 i.e. dT/dt>0), the bias of the curves was
321 stronger and the frequency of reversal turns was higher. Thus, we assessed the
322  relationship between the activity of AIB and the behavioral components under the
323  dT/dt>0 and dT/dt<0 situations. Under the dT/dt>0 situation, the stronger bias of the
324  curves was accompanied by the higher activity of AIB (Figure 7D), whereas there was
325  no significant correlation between the reversal turn frequency and the AIB activity
326  (Figure 7E). By contrast, under the dT/dt<O situation, there was no significant
327  correlation between the curve bias and the AIB activity, whereas lower frequency of
328  reversal turns was accompanied by lower activity of AIB. We also checked the
329  relationship between the activity of AIB and the differential of temperature input. As
330  shown in the histogram (Figure 7F), the significant difference of the Ca®* signal was not
331  observed under the dT/dt>0 or dT/dt<0O situations (Figure 7G). These results suggest
332 that different ranges of the AIB activity regulates the different behavioral components
333  under the different situations; low AIB activity suppresses the frequency of the reversal
334  turns when the animals are moving up the thermal gradient, and high AIB activity
335  promotes the curves when moving down the thermal gradient. On the other hand, AIA
336 interneuron, which mainly regulates the reversal turns in the T>T, condition (Figures 5B
337 and S8A), showed higher activity accompanied with lower frequency of reversal turns
338 under both dT/dt<0 and dT/dt>0 situations (Figure S8G). In summary, the
339  context-dependent regulation of behavioral components by different ranges of neural
340  activity may enable one-to-many mappings between single neurons and multiple
341  Dbehavioral components, underlying the implementation of degeneracy.

342
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343  Discussion

344 In this study, we show that thermotaxis is generated through overlapping but distinct
345 sets of neural circuits, each of which differentially biases individual behavioral
346  components depending on the context of the animals’ position on a temperature gradient
347  relative to the cultivation temperature. These observations can be considered within the
348  framework of degeneracy (Edelman and Gally, 2001; Tononi et al., 1999), which
349  theoretically provides both robustness and flexibility in a system (Wagner, 2005;
350  Whitacre, 2010).

351 A system with degeneracy is composed of multiple subsystems whose components
352  are partially shared. Consistent with this characteristic, we found that the sub-circuits
353  that differently regulate the behavioral components overlap by sharing several neurons
354  such as AFD, AlY, AIB, AlZ, and SMD (Figures 4, 5, S5-S7). Even after ablating the
355  shared neuron, the regulations of some behavioral components were retained or
356  enhanced, and the cell-ablated animals could still migrate toward the T, (Figure 6).
357  Because of such robustness in the deficient circuits, previous studies might have faced
358 difficulties in identifying and defining neural circuits for thermotaxis (Beverly et al.,
359  2011; Luo et al., 2014a). Similar problems might have appeared in the studies on other
360  types of behavior such as isothermal tracking (Mori and Ohshima, 1995), chemotaxis
361  (Guillermin et al., 2017; lino and Yoshida, 2009; Luo et al., 2014b), and exploratory
362  behavior (Gray et al., 2005). Also in crustacean and mammalian brain networks,
363  robustness is an obstacle for inferring functional connections that can only be resolved
364 by applying statistical methods (Schwab et al., 2010; Srinivasan and Stevens, 2011).
365  Our observations suggest that by subdividing the behavior into behavioral components
366  (Figure 2B), we can assess the contribution of individual neurons and link the nervous
367  system with the behavior.

368 In a system that implements degeneracy, individual subsystems have independent

369  contributions from each other to the entire output (Tononi et al., 1999). Therefore, if the
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370  subdivisions of behavior are appropriate, the relative sub-circuits might be identified. In
371  our study, the sub-circuits that mediate curves, the speed, and reversal turns are
372  relatively well-defined (Figures 4D, 4H and 5B), suggesting that these subdivisions
373  were successful. By contrast, the sub-circuits mediating shallow turns and omega turns
374  were less defined (Figures 4F and S7B), suggesting that other classifications of turns
375  might be needed to fully elucidate their underlying circuitry as some possibilities have
376  been previously proposed (Broekmans et al., 2016; Kim et al., 2011). Also, non-rule
377  based classifications of behaviors (Brown et al.,, 2013; Yamaguchi et al., 2018),
378  especially the description of the state of the animal in shape space (Stephens et al.,
379  2008), are reported to be successful in assessing the impact of cell-ablations (Hums et
380 al., 2016; Yan et al., 2017) and might enable the definition of further sub-circuits.

381 We observed the context-dependent employments of the different sets of the
382  behavioral components (Figures 3C and 3D) under the T<T. or T>T. conditions. Given
383  such context-dependent aspects in a system, which is another characteristic of
384  degeneracy, investigation of a system should be better performed under appropriate
385  contexts relevant to a behavior in order to provide mechanistic insights of how a system
386  operates. This might explain several disparities among previous studies on thermotaxis
387  (Hedgecock and Russell, 1975; Luo et al., 2014a; Mori and Ohshima, 1995; Ohnishi et
388 al., 2011; Ryu and Samuel, 2002). Some of these disparities were shown to be due to the
389  difference of the thermal environments (Jurado et al., 2010; Ramot et al., 2008). On
390  steep thermal gradients or in the temperature region distant from the T, the animals
391  migrate toward the T in the T>T. condition but not in the T<T, condition. These
392  features might reflect the context-dependent strategies of the nervous system observed
393 in this study; the curves were mainly employed in the T<T, condition and the reversal
394  turns were mainly employed in the T>T, condition (Figure 3). Indeed, the biases of the
395  curves were weakened on the steep thermal gradient (Figure S3) and disappeared in the

396  region distant from the T (Figure S4). These observations tell us that the discrimination
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397  of contexts is a critical step to investigate the nervous system.

398 We also observed the context-dependent behavioral regulation by a single
399 interneuron AIB (Figures 7D and 7E) under the dT/dt<O or dT/dt>0 situations.
400  Considering that the difference of the AIB activity itself was not observed under the two
401  situations (Figures 7F and 7G) and that high (or low) activity of AIB is associated with
402  a bias of the curves (or frequency of the reversal turns) under the dT/dt>0 (or dT/dt<0)
403  but not under the dT/dt<0 (or dT/dt>0) situation, the context-dependent regulations of
404  the curves (or reversal turns) might be achieved by the dynamics of the entire
405  sub-circuits (Figures 4D and 5B). In the neural networks of Drosophila larvae, for
406  example, the ratio of neural activities in a circuit is shown to be critical for explaining
407  behavioral choices (Jovanic et al., 2016). In addition, our calcium imaging analyses
408  suggest that the different ranges of the AIB activity regulate the distinct behavioral
409  components. Another first-layer interneuron AIY is indeed known to encode reversals
410 and speeds through digital- and analog-like activities, respectively (Li et al., 2014).
411  These context-dependent behavioral regulations by the different activity patterns of a
412  single neuron might be a prevalent strategy for the nervous system to implement
413  degeneracy.

414 Our MWT analyses demonstrated that the flexible switching between the
415  migrations up and down the thermal gradient is achieved by the opposed bias of various
416  behavioral components under the T<T. or T>T. conditions (Figures 2 and 3). For
417  example, when the animals are moving up the thermal gradient in the T<T. condition,
418  the turning frequencies were lower, whereas when moving up in the T>T, condition, the
419  turning frequencies were higher (Figure 2C). One candidate source for this flexibility is
420  the neurotransmission from sensory neurons to interneurons. Several studies have
421  reported that a single sensory neuron can evoke different kind of responses in an
422  identical interneuron through glutamatergic and/or peptidergic transmissions

423  (Guillermin et al., 2017; Kuhara et al., 2011; Narayan et al., 2011; Tsunozaki et al.,
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424  2008). Such alterations in synaptic activity can drive opposite behaviors in response to
425  identical stimuli (Cho et al., 2016; Guillermin et al., 2017; Hawk et al., 2018). Another
426  candidate source is the effects of feedback from downstream neurons. In interneuron
427  and motor neuron layers, the motor command sequences are always represented even
428  when the animals are not moving (Hendricks et al., 2012; Kato et al., 2015; Wen et al.,
429  2012). Therefore, the activities of the upstream interneurons could be modulated by
430  those pervasive dynamics. Indeed, the response of AIB to odor stimuli via the AWC
431  sensory neuron is affected by the state of the downstream interneurons RIM and AVA
432  (Gordus et al., 2015). Some studies have suggested that sensory inputs could be
433  converted into appropriate motor outputs after being integrated with those dynamics
434  (Hendricks and Zhang, 2013; H. Liu et al., 2018). Also in mammalian brains, feedback
435  from downstream neurons are known to play an important role in the visual system
436  (Pascual-Leone and Walsh, 2001) or somatosensory system (Manita et al., 2015). These
437  interactions with pervasive dynamics might result in the context-dependent recruitments
438  of the different sub-circuits (Figures 4D, 4E and 4H). Our analysis indicated that the
439  different class of head motor neurons, SMD and RME, were recruited differently to
440  regulate the curves and the shallow turns under the T<T. or T>T. conditions. Since
441 these neurons are excitatory and inhibitory neurons, respectively, such
442  context-dependent recruitments of different head motor neurons might enable the
443  opposed regulations of the behavioral components.

444 Our study shows that the implementation of circuit degeneracy may be a prevalent
445  strategy for the nervous system to execute robust and flexible behavior, which is a

446  sophisticated aspect of animal behavior.

447
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448  Materials and Methods

449  Strains

450  C. elegans animals were cultivated under the standard condition (Brenner, 1974). Adult
451  hermaphrodites were used in this study. N2 (Bristol) was the wild-type strain, and all the
452  other strains used in this study were derived from N2.

453 Cell-ablated strains were generated by the expression of reconstituted caspases
454  (Chelur and Chalfie, 2007) and by mito-miniSOG with the FLP/FRT strategy (Davis et
455 al., 2008; Qi et al., 2012). Each of the plasmids expressing reconstituted caspase was
456  injected at 25 ng/ul and each of the plasmids expressing mito-miniSOG was injected at
457  50-75 ng/ul, and in both cases, pKDK66 (ges-1p::NLS::GFP) (50 ng/ul) was
458  co-injected as an injection marker. Cell-specific expressions were achieved by using the
459  promoter sets listed in Table S1. Specificity was confirmed by expressing TagRFP under
460 the listed promoter sets with the FLP/FRT strategy and also by checking the
461  fluorescence from miniSOG. Extrachromosomal arrays were integrated into the genome
462 via gamma irradiation-induced mutagenesis except for njls127, which was
463  spontaneously generated through the daily maintenance, and outcrossed more than four
464  times before analysis. PY7505 was kindly provided by Piali Sengupta, Brandeis
465  University, MA, USA (Beverly et al., 2011).

466 Integrants of recCaspasese were crossed into integrated reporter lines listed in
467  Table S2 that express GFPs or TagRFPs in several neurons including the neuron of
468 interest. Losses of neurons were confirmed at the adult stage by the disappearance of
469  fluorescence from the reporter proteins. Plates containing OP50 and the L1 stage
470  animals expressing mito-miniSOG were exposed, without any covers, to pulsed blue
471 light (488 nm) in 0.5 sec on and 1.5 sec off cycles for 30 min. The blue light intensity
472 received by the animals was measured as 106 mW/cm?. Losses of neurons were
473  confirmed at the adult stage by the disappearance of fluorescence from the miniSOG. To

474  control the shutters, we used five spot-type deep UV lamps (SP-9250EF-N, USHIO)
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475  connected by light guide fiber units (SP-155XQ-S11, USHIO) and a control box
476  (SP-SC-N, USHIO). The efficiencies of the cell ablations are also listed in Table S1.

477

478  Thermotaxis Assay

479  Thermotaxis (TTX) assays were performed as previously described (Ito et al., 2006).
480  Animals cultivated at 17 °C, 20 °C, or 23 °C were placed on the center of the assay
481  plate (13.6 cmx9.6 cm, 1.45 cm height) containing 18 ml of TTX medium with 2% agar,
482  and were allowed to freely move for 60 min. The center of the plate was adjusted at
483 14 °C, 17 °C, 20 °C, 23 °C, and 26 °C depending on the experiments. The plate was
484  maintained with a linear thermal gradient of approximately 0.45 °C/cm.

485

486  Behavioral Recording

487  Behavioral recordings were performed using a Multi-Worm Tracker (Swierczek et al.,
488  2011; Yamaguchi et al., 2018) with a CMOS sensor Camera Link Camera (8 bits, 4,096
489  x 3,072 pixels; CSC12M25BMP19-01B, Toshiba-Teli), a lens adaptor (F-TAR2), a
490  Line-Scan Lens (35mm, f/2.8; YF3528, PENTAX), and a PCle-1433 camera-link frame
491  grabber (781169-01, National Instruments). The camera was mounted at a distance
492  above the assay plate resulting in an image with 33.2 um per pixel. The frame rate of
493  recordings was approx. 13.5 Hz. Images were captured and processed by custom
494  software written in LabView (National Instruments) and a custom image analysis library
495  written in C++, which detect animals and measure parameters such as the positions and
496  the postures of animals.

497

498  Behavioral Analysis

499  The MWT system automatically identifies animals and provides the positions of their
500  centers of mass and the 11 points along their bodies, as well as their body lengths,

501  widths, and so on (Swierczek et al., 2011). Using these data, the behavioral analysis was
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502  performed with a custom-built MATLAB (MathWorks) script. For each frame, we
503  defined the moving direction as the vectors from the current centroid to the following
504  centroid (1 sec after), and calculated the curve by the angle between the previous
505  moving direction (1 sec before) and the current moving direction. When an animal
506  performs the omega turn, its head and tail become close together accompanying the
507  decrease of the estimated body length in the system. Therefore, if the body length was
508  estimated shorter than 1.5 standard deviation from the mean and the curve value at that
509  time was greater than 90°/sec, we regarded the animal as performing the omega turn. To
510  detect shallow turns, we defined the head swing for each frame as the angle between the
511  vector from the 3rd point to the 1st point and the vector from the 7th point to the 5th
512  point along the worm’s body. If the head swing was over 2 standard deviation from the
513 mean and the curve value at that time was in the range of 15-90°, we regarded the
514  worm as performing the shallow turn. Reversals were detected by the smoothed curve
515  (the moving average of the curves within three frames) which was greater than 150°/sec.
516  If a reversal was followed by an omega turn within 6 seconds, these two components
517  were combined into a reversal turn (lino and Yoshida, 2009; Pierce-Shimomura et al.,
518  1999). All the curve thresholds described above were determined following the previous
519  proposals (Kim et al., 2011; Schild and Glauser, 2013).

520

521  Computer Simulation

522  Thermotaxis behavior was simulated using another custom-built MATLAB script. For
523  each simulation, 100 animals were run sequentially. Animals were considered as
524  dimensionless points in a 13.6 cm (x axis) x 9.6 cm (y axis) plate, with a linear thermal
525  gradient from 14 to 20 °C for the T<T, condition and from 20 to 26 °C for the T>T,
526  condition along the x axis. Animals started from the center of a plate, while y
527  coordinates and initial directions were randomized. For every second, animals decided

528  whether to do an omega turn, a shallow turn, a reversal, a reversal turn, or a curve


https://doi.org/10.1101/385468

bioRxiv preprint doi: https://doi.org/10.1101/385468; this version posted August 5, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

22

529  (Figure 3A). Event probabilities of each behavioral component were defined according
530  to the experimental data of turning frequencies. When animals decided to do any turns,
531  the next moving directions (6) were defined according to the experimental data of exit
532  directions (®). The next positions (x, y) were defined together with the experimental
533  data of the displacements during the individual turns that were also calculated in MWT
534  analysis. When animals decided to do a curve, the next moving directions 6 were
535  defined according to the experimental data of curving biases (¢). The next positions (x,
536 y) were defined together with the experimental data of the speed. If an animal reaches
537  the plate border, it was set to do specular reflection. When disabling each of the
538  behavioral components (Figure 3C), we replaced the experimental data of interest with
539  the data taken from the animals on the constant temperature. When enabling each of the
540  behavioral components, we replaced the experimental data of interest on the constant
541  temperature with the data taken from the animals on the thermal gradient. When
542  exchanging each of the behavioral components (Figure 6G), we replaced the
543  experimental data of interest with the data taken from the wild-type animals on the
544  thermal gradient, while the probability of a curve (Figure 3A) was kept same. Every
545  experimental data was applied as a function of moving direction 6. Besides, different
546  data set were applied depending on whether the animals were on the fraction 1-2, the
547  fraction 3-6, or the fraction 7-8 of a thermotaxis plate (Figure 1C). Each simulation
548 lasts for 30 min, and the simulations were iterated 100 times and the time courses of
549  TTX indices were averaged within them.

550

551  Calcium Imaging in Freely Moving Animals

552  Ca?* imaging recordings in freely moving animals were performed as previously
553  described (Tsukada et al., 2016) with custom modifications. The FRET-based calcium
554  probe yellow cameleon X 1.60 was expressed in the neuron of interest (Table S2). A

555  dual-view was equipped with 05-EM CFP/YFP (505 dcxr) filter cube (Molecular
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556  Devices), and images were acquired using EM-CCD camera (C9100-13, Hamamatsu
557  Photonics). Simultaneous tracking was performed using a CMOS camera (Grasshopper
558  Express GX-FW-28S5M-C, FLIR Integrated Imaging Solutions) at 30 frames per
559  second with continuous halogen illumination (TH4-100, Olympus) through an IR filter
560  (IR-76, Fujifilm). Along the trajectory of animals (Figures 7B and S8B), behavioral
561  components were detected in a similar way to that in the MWT analysis, and the same
562  regulations of the curves and the reversal turns were observed (Figures S7B and S7C).
563

564  Imaging Analysis

565  The image processing program for the tracking data was written in MATLAB. A
566  neuronal region was defined according to the peak intensity and size (9 pixels) in an
567  YFP image. In each image, the averaged background intensity within 9 pixels was
568  subtracted from the average fluorescence intensities of the neuronal regions.
569 Intercellular calcium concentration change was estimated by taking the YFP/CFP
570  fluorescence ratio (Ratio) and YFP/CFP ratio change (Ratio change), which was
571  normalized within each assay (Standardized ratio change) to compare the activity
572  among the assays. A median filter within a moving 15 sec temporal window was applied
573  to the time course ratio to eliminate the noise independent from calcium signal. The
574 averaged curve was calculated by averaging the curves within a moving 90 sec
575  temporal window. For the analysis of the relationship between the neural activities and
576  the regulations of the behavioral components, we defined an activity that was higher
577  than the median of all the activities within an assay as a High activity and an activity

578  that was lower than the median as a Low activity.

579
580  Quantification and Statistical Analysis
581  Experimental data are expressed as mean + SEM. Simulation data are expressed as

582  mean. For comparison of the data from behavioral analysis in MWT, we used a paired
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583  Student’s t-test and a one-way ANOVA followed by a Tukey—Kramer post hoc multiple
584  comparisons test. For comparison of the data from imaging experiments, we used a
585  paired Student’s t-test, pairwise test for multiple comparisons using Holm’s method, and
586  Friedman rank sum test together with repetitive Wilcoxon signed rank tests as noted in
587  the figure legends. Bartlett’s test was used to check for differences in variance among
588  the groups. A difference is considered significant at a value of *xp < 0.01 or *p < 0.05.

589
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847  Figure 1. Thermotaxis behavior is accomplished within 30 minutes. (A) A Multi-Worm
848  Tracker (MWT) system for the extraction of behavioral components during thermotaxis
849  behavior. The thermotaxis assays were performed as previously reported (Ito et al.,
850  2006). The positions and postures of animals were captured by the MWT system and
851  then analyzed by custom-built MATLAB scripts. (B) Animals cultivated at 20°C were
852  placed on a TTX plate with a thermal gradient with 17°C (left panel) or 23°C (right
853  panel) at the center. Shown here are the representative trajectories of approximately 120
854  animals that were recorded by MWT. The time from the start of the assays are
855  represented in gray scale. (C) Formula for the TTX index. The number of animals in
856  each fraction (1-8) was scored in every one minute, and the TTX indices were
857  calculated using the equations as described. (D) The time course of TTX indices in the

858  T<T, condition (red line) and in the T>T, condition (blue line). The migrations toward

859  the T, were almost accomplished within 30 minutes. (n = 12).


https://doi.org/10.1101/385468

bioRxiv preprint doi: https://doi.org/10.1101/385468; this version posted August 5, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

T<T.

15.5°C 17°C 18.5°C

all tracks

turns

I_k_l

omega turns shallow turns

Qshape

21.5°C 23°C 24.5°C

T>T.

no thermal gradient  °®

- <7,
- T>T,

Frequency (/min)
o
2

mo>9 *°

M 8<90 zos

Frequency (/mi
H

3
~

o

reversals

,_I_‘

reversals  reversal turns
Jshape — —
A0 i
- AT ez @shane ;& -

omega turns

-

120 90
Entry direction © (degree)

Iy

0.0
no

no thermal gradient 03

—.— <7,
- 7>T,

Fraction
e

e

mos90 *°
Wo<90
e
2
ED!
£

[
~

gradient T<T. T>T.

omega turns

s

"I w0 s S

Exit direction @ (degree)

0.0

‘Iﬁﬁl

nogradient T<T, T>T,

no thermal gradient
- <7,
- 7>T.

Curve ¢ (deg/sec)

860

Curve ¢ (deglsec)
-
e

&

curves

10 |;|

("]
23
&3

‘K\

shallow turns

°
S

Frequency (/min)

e
s

120 90
Entry direction © (degree)

i

e el
© ®

e
=

=

Frequency (/min)

0.0
nogradient T<T, T>T,

shallow turns

e
s

Fraction
e e

120 90
Exit direction ® (degree)

08
Lid e
06
<
2
T o4
£
w
02
0.0

nogradient T<T, T>T,

F

- 7<T,
- 7>T,

reversal turns

o

Entry direction © (degree)

reversals

n
©

[

°
@
Frequency (/min)

°
>

Frequency (/min)
B

120 90
Entry direction 6 (degree)

15 3.0 - il
" s I |
5 5
£ 10 E 20
oy Iy
H H
] g
T 05 T10
H g
e e
Iy I
0.0 0.0

nogradient T<7. T>T, no gradient  T<7. T>T,

reversals reversal turns

|

Fraction

o
i ®
Fraction

120 90
Exit direction ® (degree)

120 90
Exit direction @ (degree)

0.8 08
**
o
0.6 06 |—\
c <
2 2
T 04 T 04
g £
w w
0.2 0z
0.0 00

“nogradient T<7, T>T, “nogradient T<I. T>T,

speed
no thermal gradient 3  _,
H
802 | —p——t— "
€
E
E 01
a
"
0.0,
120 90
Entry direction © (degree)
mo>9
W 6 <9 To3 '—I
2 .
]
£ 1
Eoz
°
2
a
» 04
0.0

nogradient T<7, T>7T,

861  Figure 2. Behavioral components are flexibly regulated during thermotaxis. (A)

862  Temperature range within which the behavioral components were analyzed. Animals in
863  the center four fractions of the assay plate were analyzed (Figure 1B). (B) Classification

864  and definition of C. elegans behavioral components used in this study. Turns, reversals,
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865  and curves were classified as previously proposed (Kim et al., 2011; Pierce-Shimomura
866 et al., 1999; Salvador et al., 2014; Schild and Glauser, 2013). (C) Upper panels are
867  frequency plots of the turns and the reversals representing the average as a function of
868  the entry direction 0, the angle between the moving direction before these behavioral
869  events and the vector pointing to the warm side of the thermal gradient. Lower panels
870  show comparisons of the frequency of each behavioral event. Deep red columns
871 indicate the frequencies of the events while the animals are moving up the thermal
872  gradient (6<90), and deep blue columns the frequencies while moving down the thermal
873  gradient (6>90). (D) Upper panels are fraction plots of the exit direction (®) after the
874 turns and the reversals. ® is the angle between the moving direction after these
875  behavioral events and the vector pointing to the warm side of the thermal gradient.
876  Lower panels show comparisons of the fraction of the exit direction of each behavioral
877  event. Deep red columns indicate the exit directions of the events toward the warm side
878  of the thermal gradient (©<90), and deep blue columns the exit directions toward the
879  cold side (©>90). (E) The biases (¢) of curves were calculated for each frame and
880 averaged as a function of the moving direction 6. ¢ is the angle between the past
881  moving direction (1 sec before) and the current moving direction. ¢ is defined as
882  positive if biased toward higher temperature and negative if biased toward lower
883  temperature. (F) Upper panel is speed plots representing the averages as a function of
884  the entry direction 6. Lower panel shows comparisons of the speeds. Deep red columns
885 indicate the speeds while the animals are moving up the thermal gradient (6<90), and
886  deep blue columns the speeds while moving down the thermal gradient (6>90). In
887 (C-F), gray lines correspond to experiments without the thermal gradient (20°C
888  constant), red lines correspond to experiments in the T<T, condition, and blue lines
889  correspond to experiments in the T>T, condition. n > 6. Error bars indicate SEM. Paired
890  Student’s t-test (C, D, F); one-way ANOVA followed by a Tukey—Kramer post hoc

891  multiple comparisons test (E). *xp < 0.01, *p < 0.05.
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893  Figure 3. Behavioral components are employed differently depending on different
894  temperature environment relative to the T.. (A) Schematic structure of the thermotaxis

895  behavior simulation. Animal’s state was defined by its position (x, y) and moving
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896  direction relative to the vector pointing to the warm side (0). We updated the states of
897  the animal every second according to the experimentally observed data: the frequencies
898  and the exit directions (&) of the turns and the reversals, the biases of the curves (),
899  and the speeds (v) (Figures 2C—2F, SIA-S1E), all of which were applied as functions of
900 6 and T versus T.. The displacements during the individual turns (4x, 4y) were also
901  employed when updating the states of the animals. (B) The time course of TTX indices
902 in the simulations (black lines) and that obtained from experimental data (colored lines).
903 In the simulations, we iterated assays for 100 times, each with 100 animals, and the
904  TTX indices were averaged within the assays. (C) The time course of TTX indices in
905 the simulations in which the data of the individual behavioral component determined by
906 the experiment with the thermal gradient was replaced with the data of the
907  corresponding component without the gradient. (D—F) The time course of TTX indices
908 in the simulations in which the data of the individual behavioral component without the
909 thermal gradient was replaced with the data of the corresponding component with the
910 gradient. (D) Data of both frequencies and exit directions were replaced. (E) Data of
911  frequencies alone was replaced. (F) Data of exit directions alone was replaced. In (C-F),
912  black lines correspond to the simulation in which all the data of wild-type animals
913 determined by the experiment with the thermal gradient were used, and gray lines
914  correspond to the simulation in which all the data of wild-type animals without the
915 gradient were used. The other colored lines correspond to the simulation with the
916  replacements of the individual behavioral component: the omega turn (red lines), the
917  shallow turn (blue lines), the reversal (yellow lines), the reversal turn (magenta lines),

918  the curve (green lines), and the speed (light blue lines).
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920 Figure 4. Overlapping but distinct neural circuits are recruited for the
921  context-dependent regulation of the curves, the omega Turns, and the shallow turns. (A)
922  Candidate neurons for cell-specific ablations, including thermosensory neurons
923  (triangles), interneurons (hexagons), and head motor neurons (circles). Black thin
924  arrows indicate chemical synapses, black undirected lines with round endings gap
925  junctions, and gray thick arrows neuromuscular junctions. (B) Formula for the
926  migration index. TTX indices from the simulation of cell-ablated animals (aj, red line)
927  were compared with the indices from the simulation of wild-type (WT) animals without
928  the thermal gradient (n;, grey line) in every minute, and the difference between them
929  was summed up within 1-30 min. The value was normalized with the summation of the
930  difference between the TTX indices from the simulation of WT with the thermal
931 gradient (w;, black line) and the indices of WT without the gradient. (C, E, G)
932  Migration indices of the curves, the shallow turns, and the speeds after cell-specific
933  ablations by expressing reconstituted caspases (upper panels) and mito-miniSOG (lower
934  panels). The indices in the T<T, condition are represented as red columns. The indices
935  inthe T>T. condition are represented as blue columns. Dashed lines show the indices of
936  wild type animals (x1). (n > 5). (D, F, H) Predicted neural circuits for regulating the
937  curves, the shallow turns, and the speeds in the T<T. condition (red) and in the T>T,
938 condition (blue). The thickness and color strength of each neuron represent the
939  functional importance of the neuron predicted from the analysis and were determined as
940  follows: For each neuron, the differences between the migration index of the wild-type
941  animals and the index of the cell-ablated animals expressing reconstituted caspases or
942  mito-miniSOG were calculated. The smaller difference from the two ablation strategies
943 is used to determine the color strength, where the color strength of each neuron is
944  proportional to this value. The color strength of each line is identical to the strength of
945  the color of one of the two connected neurons with lower strength, and the thickness of

946  each line is proportional to this color strength.
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948  Figure 5. Redundancy between AFD and AWC sensory neurons enables robust
949  regulation of the reversal turns. (A) Migration indices of the reversal turns after
950  cell-specific ablations by expressing reconstituted caspases (upper panel) and
951  mito-miniSOG (lower panel). (n > 5). (B) Predicted neural circuits for regulating the
952  reversal turns. (C) Migration indices of the reversal turns of wild-type animals,
953  AFD-deficient animals, AWC-deficient animals, and AFD-AWC double deficient
954 animals. (n > 5). (D) Migration indices of the reversal turns of wild-type animals, eat-4
955  mutants, eat-4 mutants with an expression of eat-4 cDNA in AFD, and eat-4 mutants
956  with an expression of eat-4 cDNA in AWC. (n > 6). In (A, C, D), dashed lines show the

957 indices of wild type animals (-1).
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Figure 6. The migration toward the T; is robustly executed under the deficiencies in the
neural circuits. (A) Migration indices of the omega turns after cell-specific ablations by

expressing reconstituted caspases (left panel) and mito-miniSOG (right panel). The
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962 indices in the T<T. condition are represented as red columns. The indices in the T>T,
963  condition are represented as blue columns. Dashed lines show the indices of wild type
964 animals. (n > 5). (B-F) The time course of TTX indices in the T<T, condition (upper
965  panels) and in the T>T, condition (lower panels) under the deficiency of thermosensory
966  neurons (B), amphid interneurons (C), ring interneurons (D), ventral cord interneurons
967  (E), and ring motor neurons (F). n> 5. Error bars indicate SEM.

968  (G) The time course of TTX indices in the simulations of RIS-ablated animals (black
969 line) and in the simulations in which the data of the reversal turns of RIS-ablated
970  animals was replaced with the data of wild-type animals (magenta line). (H) The time
971  course of TTX indices in the simulations of AVE-ablated animals (black line) and in the
972  simulations in which the data of the omega turns and the curves of AVE-ablated animals

973  was replaced with the data of wild-type animals (red line and green line, respectively).


https://doi.org/10.1101/385468

bioRxiv preprint doi: https://doi.org/10.1101/385468; this version posted August 5, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

- o . >
4 b | | 4

* B 42
Temperature o
/ \ Temperature (°C) S
i N
IR L
it |
* N . . g §
g 3

200 300 400 500
10— — = = e s s m e 15
o t
] |
031‘_&——} Ao Azﬂ»fj’w
-0 - - - s &
o 100 200 300 400 500 600

curves reversal turns

Time (sec)
C o D curves E reversal turns
—8— SWT dT M Low activity dT M Low activity
DT T
curves reversal turns 4T 4T
3.0 -= — < 6.0 -= — <
3.0
_ = 4.0 120
m £
§ £ 2 - -
> > 2 20 = £
) o 8 @ dT 4T E £ 20
= o 7] -3 ——>0 ——<0 = 80 =
3 S B & d dt = =
@ gt 2 3 00 2 g
b4 - ﬁ_' 0 £
g e z <5 s £ g
o
° 00 o 220 g 40 g 10
: 120 90 60 2 3 E w
Entry direction  (degree) Entry direction @ (degree) 8 40
0.0
0o 02 o4 06 08 10 0.0
Standardized ratio change -6.0 Standardized ratio change
¥ [
¥
Average Median Variance
012 04 04 0.04
@ @ @
b= b= i=J
] ] g
£03 £03 £0.03
X c c ]
5 2 2 2
3 E E E
g 5 0.2 5 0.2 5 0.02
[~ 3 o @
P N N N
k4 k4 B
Foa Foa Jo.01
s s c
] ] P
2] 2] 2]
0.0 0.0 0.00
0.2 0.4 0.6 0.8 1.0 v ooar o v ooar o dr oo
Standardized ratio change dt dt dt dt dt de

974

975  Figure 7. AIB neuron regulates the curves and the reversal turns in a context-dependent
976  manner. (A) Representative sensory neurons and first-layer interneurons, which regulate
977  the reversal turns or the curves. Thin arrows indicate chemical synapses and an
978 undirected line with round endings indicates gap junction. (B) Representative
979  thermography image (left panel) taken together with calibrating temperature
980  measurements using a thermocouple sensor. Projection of a trajectory (black line) shows
981  how the animal searches the thermal environment. The white + marks the starting point
982  when recording starts. From this trajectory, the time course of the temperature changes
983 is obtained (light magenta line in right upper panel), and the reversal turn (blue line in
984  right middle panel) and the curve (light blue line in right lower panel) are extracted. The

985 temperature after the median filter (magenta line in right upper panel) and the averaged
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986  curve (blue line in right lower panel) are also shown. The time course of the YFP/CFP
987  ratio of the AIB neuron (light red line in right middle panel) was calculated from YFP
988 and CFP fluorescences, and the ratio after the median filter is also shown (red line in
989  right middle and lower panel). (C) Plots of the biases of curves (left panel) and the
990 reversal turn frequency (right panel) representing the averages as a function of the entry
991  direction 6. The data obtained on the multi-worm tracker (black lines, n > 12) and on
992  the single-worm tracker (colored lines, n > 14) are shown. (D and E) Plots of the biases
993  of curves (D) and the reversal turn frequency (E) representing the averages as a function
994  of the standardized ratio change (see Materials and methods) of AIB (upper panels).
995  Standardized ratio change was divided into “High activity” or “Low activity”” according
996  to the median value (Figure 7G), and the curving bias and the reversal turn frequency
997  were averaged within High (orange columns in lower panels) or Low (cyan columns in
998  lower panels) activity while the animals are moving up or down the thermal gradient.
999  Dashed line in right lower panel shows the average of the reversal turn frequency on the
1000  constant temperature at 23°C obtained in MWT. (F) Fractional histogram showing the
1001  standardized ratio change of AIB while the animals are moving up the thermal gradient
1002  (deep red) and those while moving down the thermal gradient (deep blue). (G)
1003  Comparison of the average (left panel), the median (middle panel), and the variance
1004  (right panel) of the standardized ratio change of AIB between while the animals are
1005  moving up the thermal gradient (deep red columns) and those while moving down the
1006  thermal gradient (deep blue columns). n > 14. Error bars indicate SEM. Friedman rank
1007  sum test together with repetitive Wilcoxon signed rank tests (D); pairwise test for
1008  multiple comparisons using Holm’s method (E); paired Student’s t-test (G). *xp < 0.01,

1009  *p < 0.05.
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1011  Figure S1. Time course of the regulations of the behavioral components in wild-type
1012 animals. (A, B, E, F) Regulations of the behavioral components on the constant
1013  temperature (gray lines), in the T<T. condition (red lines), and in the T>T. condition
1014  (blue lines). (A) Frequency plots of the turns and the reversals representing the averages
1015  as a function of the entry direction 6. (B) Fraction plots of the exit direction & after the
1016  turns and the reversals. (E) Plots of the biases ¢ of curves representing the averages as a
1017  function of the entry direction 0. (F) Speed plots representing the averages as a function
1018  of the entry direction 8. (C and D) Heat map of fractions of the exit direction @ as
1019  functions of the entry direction 6 in the T<T, condition (C) and in the T>T, condition
1020 (D). Both 6 and @ are signed to distinguish whether the exit angle is directed toward the
1021  upper half or the lower half of assay plates. (G) Frequency plots of the turns and the
1022  reversals and speed plots representing the averages as a function of the entry direction 6
1023  on the constant temperature at 17°C (blue lines), 20°C (purple lines), and 23°C (red
1024  lines). In (A-G), the averages over 0—10 min (left columns), over 10-20 min (middle

1025  columns), and over 20-30 min (right columns) are shown.
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1027  Figure S2. Behavioral components are employed differently depending on the T.. (A)
1028  Animals cultivated at 17°C or 23°C were placed on a thermal gradient with 20°C at the
1029  center. The plate was maintained with a linear thermal gradient of approximately
1030  0.45 °C/cm. (B) Temperature range within which the behavioral components were
1031  analyzed. (C) The time course of TTX indices in the T<T. condition (red line) and in
1032  the T>T. condition (blue line). (n = 6). (D-G) Regulations of the behavioral
1033  components in the T<T, condition (red lines) and in the T>T. condition (blue lines). (D)
1034  Frequency plots of the turns and the reversals representing the averages as a function of
1035  the entry direction 6. (E) Fraction plots of the exit direction @ after the turns and the
1036  reversals. (F) Plots of the biases ¢ of curves representing the averages as a function of
1037  the entry direction 6. (G) Speed plots representing the averages as a function of the
1038  entry direction 6. (H) The time course of TTX indices in the simulations (black lines)
1039 and that obtained from experimental data (colored lines). (I and J) black lines
1040  correspond to the simulation in which all the data of wild-type animals determined by
1041  the experiment with the thermal gradient were used, and gray lines correspond to the
1042  simulation in which all the data of wild-type animals without the gradient were used.
1043  The other colored lines correspond to the simulation with the replacements of the
1044  individual behavioral component: the omega turn (red lines), the shallow turn (blue
1045  lines), the reversal (yellow lines), the reversal turn (magenta lines), the curve (green

1046  lines), and the speed (light blue lines).
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1048  Figure S3. Employments of the behavioral components are slightly affected by the
1049  steepness of thermal gradient. (A) Temperature range within which the behavioral
1050  components were analyzed. The plate was maintained with a linear thermal gradient of
1051  approximately 0.95 °C/cm. (B) The time course of TTX indices in the T<T. condition
1052  (red line) and in the T>T. condition (blue line). (n > 6). (C-F) Regulations of the
1053  behavioral components in the T<T. condition (red lines) and in the T>T. condition (blue
1054  lines). (C) Frequency plots of the turns and the reversals representing the averages as a
1055  function of the entry direction 6. (D) Fraction plots of the exit direction & after the turns
1056  and the reversals. (E) Plots of the biases ¢ of curves representing the averages as a
1057  function of the entry direction 0. (F) Speed plots representing the averages as a function
1058  of the entry direction 6. (G) The time course of TTX indices in the simulations (black
1059  lines) and that obtained from experimental data (colored lines). (H and I) black lines
1060  correspond to the simulation in which all the data of wild-type animals determined by
1061  the experiment with the thermal gradient were used, and gray lines correspond to the
1062  simulation in which all the data of wild-type animals without the gradient were used.
1063  The other colored lines correspond to the simulation with the replacements of the
1064 individual behavioral component: the omega turn (red lines), the shallow turn (blue
1065  lines), the reversal (yellow lines), the reversal turn (magenta lines), the curve (green

1066  lines), and the speed (light blue lines).
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1068  Figure S4. Behavioral components except for the reversal turns are not employed in the
1069  region distant from the T.. (A) Temperature range within which the behavioral
1070  components were analyzed. The plate was maintained with a linear thermal gradient of
1071  approximately 0.45 °C/cm. (B) The time course of TTX indices in the T<T. condition
1072  (red line) and in the T>T, condition (blue line). (n > 6). (C-F) Regulations of the
1073  behavioral components in the T<T. condition (red lines) and in the T>T. condition (blue
1074  lines). (C) Frequency plots of the turns and the reversals representing the averages as a
1075  function of the entry direction 6. (D) Fraction plots of the exit direction & after the turns
1076  and the reversals. (E) Plots of the biases ¢ of curves representing the averages as a
1077  function of the entry direction 0. (F) Speed plots representing the averages as a function
1078  of the entry direction 6. (G) The time course of TTX indices in the simulations (black
1079  line) and that obtained from experimental data (blue line). (H and 1) black lines
1080  correspond to the simulation in which all the data of wild-type animals determined by
1081  the experiment with the thermal gradient were used, and gray lines correspond to the
1082  simulation in which all the data of wild-type animals without the gradient were used.
1083  The other colored lines correspond to the simulation with the replacements of the
1084  individual behavioral component: the omega turn (red lines), the shallow turn (blue
1085  lines), the reversal (yellow lines), the reversal turn (magenta lines), the curve (green

1086 lines), and the speed (light blue lines).
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1090  Figure S5. Time course of the regulations of the behavioral components in cell-ablated
1091  animals. (A) Plots of the biases ¢ of curves representing the averages as a function of
1092  the entry direction 6 and the time course of TTX indices in the simulations. (B)
1093  Predicted neural circuits for regulating the curves. (C) Fraction plots of the exit
1094  direction & after the shallow turns and the time course of TTX indices in the
1095  simulations. (D) Predicted neural circuits for regulating the shallow turns. (E) Speed
1096  plots and the time course of TTX indices in the simulations. (F) Predicted neural
1097  circuits for regulating the speeds. In (A, C, E), the averages over 0-10 min (first
1098  columns), over 10-20 min (second columns), over 20-30 min (third columns), and the
1099  time course of TTX indices in the simulations (fourth columns) are shown. n > 5. In (B,
1100 D, F), predicted neural circuits in the T<T. condition (red) and in the T>T, condition
1101  (blue) are shown. The thickness and color strength of each neuron represent the
1102  functional importance of the neuron predicted from the analysis and were determined as
1103  follows: For each neuron, the differences between the migration index of the wild-type
1104 animals and the index of the cell-ablated animals expressing reconstituted caspases (left
1105  panels) or mito-miniSOG (right panels) were calculated. The difference is used to
1106  determine the color strength, where the color strength of each neuron is proportional to
1107  this value. The color strength of each line is identical to the strength of the color of one
1108  of the two connected neurons with lower strength, and the thickness of each line is
1109  proportional to this color strength. In RIS, SMB, and RMD neurons, we applied the data
1110  of the animals expressing recCaspase on both panels because we could not obtain the

1111 animals expressing mito-miniSOG specifically in these neurons.


https://doi.org/10.1101/385468

bioRxiv preprint doi: https://doi.org/10.1101/385468; this version posted August 5, 2018. The copyright holder for this preprint (which was

A reversal turns

—— W1

—e— AFD:recCaspase
—@— ASl:recCaspase

—8— AWC:recCaspase

—.— W1

—8— AlA:recCaspase
—e— AlB:recCaspase
—e— AlV:zrecCaspase
—8— AlZ:recCaspase

—-— W1

—e— RIA:recCaspase
—e— RiB:recCaspase
—8— RIM:recCaspase
—8— RIS:recCaspase

—.— wT
~e— AVA:recCaspase
—8— AVE:recCaspase

—— w1
—@— RMD:recCaspase
—8— RME:recCaspase
—e— SMB:recCaspase
—8— SMD:recCaspase

C

—— wr
—e— AFD:recCaspase
—8— AWC:recCaspase
—e— AFD/AWC:recCaspase

- WT

=@~ AFD:mito-miniSOG
-8~ AWC:mito-miniSOG
== AFD/AWC:mito-miniSOG

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

56

20-30 min

0-10 min

20-30 min

Simulation Simulation

- WT

== AFD:mito-miniSOG
=&~ ASl:mito-miniSOG 4
-8~ AWC:mito-miniSOG

H

n —.— WT .
L =&~ AlA:mito-miniSOG »
2 =&~ AlB::mito-miniSOG 2
" == AlY:mito-miniSOG 1

=@~ AlZ:mito-miniSOG o

H

- WT

=& RIA:mito-miniSOG
—8— RIB:mito-miniSOG
=& RIM:mito-miniSOG

H

H

—— WT
—8— AVAzmito-miniSOG
=—8— AVE:mito-miniSOG "

H

s e w m
* J .
- WT 3

=&~ RME:mito-miniSOG 20
—&— SMD:mito-miniSOG N

H

IRV A
NN VAN EY

!

recCaspase

o

|\ ®-0®0

L B J

Head Muscles /
\\ /

® v
A-type Motor Neurons.

A-type Motor Neurons

D

0-10 min 10-20 min 20-30 min Simulation 10-20 min 20-30 min Simulation
¢ e i
» —-—WT
—e— cat-4

=~ AFD:eat-4cDNA
—8— AWC:eat-4cDNA

“ Time (min)
- -t
wr 2 i 2 -
—8— gcy-23 gy-8 gey-18 20 gu 320 "
“
—8— ceh-36 T 2 Z o - f b
—e— gcy-23 gcy-8 gey-18 che-36 < E

1112


https://doi.org/10.1101/385468

bioRxiv preprint doi: https://doi.org/10.1101/385468; this version posted August 5, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

57

1113  Figure S6. The time course of the regulations of the reversal turns in cell-ablated
1114 animals and cell-deficient mutants. (A, C, D) Plots of the reversal turn frequency
1115  representing the averages as a function of the entry direction 6 and the time course of
1116  TTX indices in the simulations. (A) Cell-ablated animals. (C) AFD-AWC double
1117  ablated/deficient animals. (D) Glutamate transporter-deficient mutant eat-4, the mutant
1118  expressing the wild-type form of an eat-4 cDNA only in AFD, and the mutant
1119  expressing an eat-4 cDNA only in AWC. The averages over 0—10 min (first columns),
1120  over 10-20 min (second columns), over 20-30 min (third columns), and the time course
1121 of TTX indices in the simulations (fourth columns) are shown. n > 5. (B) Predicted
1122  neural circuits for regulating the reversal turns. In RIS, SMB, and RMD neurons, we
1123  applied the data of the animals expressing recCaspase on both panels because we could

1124  not obtain the animals expressing mito-miniSOG specifically in these neurons.
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1126 Figure S7. The time course of the regulations of the omega turns in cell-ablated animals
1127  and cell-deficient mutants. (A) Plots of the omega turn frequency representing the
1128  averages as a function of the entry direction 6 and the time course of TTX indices in the
1129  simulations. The averages over 0-10 min (first columns), over 10-20 min (second
1130  columns), over 20-30 min (third column), and the time course of TTX indices in the
1131 simulations (fourth columns) are shown. n > 5. (B) Predicted neural circuits for
1132  regulating the omega turns in the T<T, condition (red) and in the T>T, condition (blue).
1133 In RIS, SMB, and RMD neurons, we applied the data of the animals expressing

1134  recCaspase on both panels because we could not obtain the animals expressing

1135  mito-miniSOG specifically in these neurons.
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Figure S8. AIA neuron regulates the reversal turns regardless of context. (A)
Representative sensory neurons and first-layer interneurons, which regulate the reversal
turns or the curves. Thin arrows indicate chemical synapses and an undirected line with
round endings indicates gap junction. (B) Representative thermography image (left
panel) taken together with calibrating temperature measurements using a thermocouple
sensor. Projection of a trajectory (black line) shows how the animal searches the thermal
environment. The white + marks the starting point when recording starts. From this
trajectory, the time course of the temperature changes is obtained (light magenta line in
right upper panel), and the reversal turn (blue line in right middle panel) and the curve
(light blue line in right lower panel) are extracted. The temperature after the median

filter (magenta line in right upper panel) and the averaged curve (blue line in right lower
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1148  panel) are also shown. The time course of the YFP/CFP ratio of the AIA neuron (light
1149  red line in right middle panel) was calculated from YFP and CFP fluorescences, and the
1150 ratio after the median filter is also shown (red line in right middle and lower panel). (C)
1151  Plots of the biases of curves (left panel) and the reversal turn frequency (right panel)
1152  representing the averages as a function of the entry direction 6. The data obtained on the
1153  multi-worm tracker (black lines, n > 12) and on the single-worm tracker (colored lines,
1154  n > 14) are shown. (D and E) Plots of the biases of curves (D) and the reversal turn
1155  frequency (E) representing the averages as a function of the standardized ratio change
1156  (see Materials and methods) of AIA (upper panels). Standardized ratio change was
1157  divided into “High activity” or “Low activity” according to the median value (Figure
1158  S8G), and the curving bias and the reversal turn frequency were averaged within High
1159  (orange columns in lower panels) or Low (cyan columns in lower panels) activity while
1160  the animals are moving up or down the thermal gradient. Dashed line in right lower
1161  panel shows the average of the reversal turn frequency on the constant temperature at
1162  23°C obtained in MWT. (F) Fractional histogram showing the standardized ratio change
1163  of AlIA while the animals are moving up the thermal gradient (deep red) and those while
1164  moving down the thermal gradient (deep blue). (G) Comparison of the average (left
1165  panel), the median (middle panel), and the variance (right panel) of the standardized
1166  ratio change of AIA between while the animals are moving up the thermal gradient
1167  (deep red columns) and those while moving down the thermal gradient (deep blue
1168  columns). n > 15. Error bars indicate SEM. Pairwise test for multiple comparisons using
1169  Holm’s method (D); Friedman rank sum test together with repetitive Wilcoxon signed

1170  rank tests (E); paired Student’s t-test (G). **p < 0.01, *p < 0.05.
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Strain name Genotype Experiment Ablation Efficiency (%)
1K2809 njls80[gcy-8p::cz::caspase-3(p17), gcy-8p::caspase-3(p12)::nz, ges-1p::nls-GFP] (X) 100
AFD ablation
IK3048 njls89[gcy-8p::tomm-20(N*-55AA)::miniSOG, ges-1p::nis-GFP](Ill) 92.7
PY7505 oyls84[gcy-27p::cz::caspase-3(p17), gpa-4p::caspase-3(p12)::nz, gcy-27p::GFF, unc-122p::dsRed] (Beverlyetal., 2011)
ASI| ablation
IK3176 njls104[gey-27p:flp, gpa-4p::fit: tomm-20(N*-55AA)::miniSOG, ges-1p::nis-GFF] (IV) 91.9
1K2808 njls79[ceh-36p:.cz:.caspase-3(p17), ceh-36p:.caspase-3(p12)::nz, ges-1p::nls-GFF] (X) 98.4
AWC ablation
IK3125 njls98[ceh-36p::tomm20(N’-55AA)::miniSOG, ges-1p::nis-GFP] () 100
1K3263 njls120[ins-1p:.cz::caspase-3(p17), gcy-28dp::caspase-3(p12)::nz, ges-1p::nls-GFP] (V) 64.6
AIA ablation
1K3240 njls115[ins-1p::fip, gcy-28dp::frt::tomm-20(N’-55AA)::miniSOG, ges-1p::nls-GFFP] (IV) 741
IK3066 nfls92[inx-1p::cz::caspase-3(p17), odr-2(2b)p::caspase-3(p12).:nz, ges-1p::nis-GFP] (Ii) 100
AIB ablation
IK3388 njls131[odr-2(2b)p::fip, inx-1p::frt::tomm-20(N’-55AA).:miniSOG, ges-1p::nis-GFP] (X) 100
IK2710 njls62[AlYp::cz::caspase-3(p17), AlYp::caspase-3(p12)::nz, ges-1p::nls-GFP] (V) 100
AlY ablation
1IK2962 njls87[AIYp::tomm-20(N-55AA)::miniSOG, ges-1p::nls-GFP] (IV) 100
IK3179 njls107[acc-2p::cz::caspase-3(p17), odr-2(2b)p::caspase-3(p12)::nz, ges-1p::nis-GFF] (IV) 100
AlZ ablation
IK3241 njis116[acc-2p::fip, odr-2(2b)p::fri::temm-20(N-55AA).:miniSOG, ges-1p::nis-GFF] (1V) 99.7
IK2910 njls84{gir-3p::cz::caspase-3(p17), glr-3p:.caspase-3(p12)::nz, ges-1p::nis-GFP] (Il) 100
RIA ablation
IK3289 njls 123[glr-3p::tomm-20(N’-55AA)::miniSOG, ges-1p::nis-GFP] (V) 100
IK3049 njls90ftrp-1p::cz::caspase-3(p17), sto-3p::caspase-3(p12)::nz, ges-1p::nis-GFF] (1) 96.6
RIB ablation
1IK3238 njls113[ser-4p::flp, sto-3p::frt::tomm-20(N-55AA).::miniSOG, ges-1p::nls-GFP] (Il) 955
IK3067 njls93[glr-1p:.cz::.caspase-3(p17), tdc-1p::caspase-3(p12)::nz, ges-1p::nls-GFFP] (X) 66.7*
RIM ablation
1K3144 njls100[glr-1p::fip, tde-1p::fri::tomm-20(N"-55AA)::miniSOG, ges-1p::nis-GFP] (ill) 929
IK3325 njls 126[nlr-1p:.cz::.caspase-3(p17), ggr-2p::caspase-3(p12)::nz, ges-1p::nls-GFP] (V) RIS ablation 98.5
IK3175 njls103[nmr-1p::cz::caspase-3(p17), flp-18p::caspase-3(p12)::nz, ges-1p::nis-GFF] (Il) 100
AVA ablation
IK3327 njls128(flp-18p::fip, nmr-1p::frt::tomm-20(N*-55AA).:miniSOG, ges-1p::nls-GFF] (i) 82.7
IK3177 njls105[nmr-1p::cz::caspase-3(p17), opt-3p:.caspase-3(p12)::nz, ges-1p::nis-GFF] (X) 97.8
AVE ablation
IK3324 njls125[opt-3p::flp, nmr-1p::frt::tomm-20(N’-55AA)::miniSOG, ges-1p::nis-GFF] (X) 100
IK3178 njls106[odr-2(18)p:.cz:.caspase-3(p17), nep-2p::caspase-3(p12)::nz, ges-1p::nls-GFP] (Ili) SMBD/V ablation 53.3
1K3326 njls127[flp-22p::cz::caspase-3(p17), Igc-55p::caspase-3(p12).:nz, ges-1p::nis-GFP] (V) 75.2
SMDD/V ablation
IK3376 njls129[lgc-55p::fip, fip-22p::frt::tomm-20(N’-55AA)::miniSOG, ges-1p::nls-GFF] (I) 959
1K3237 njls121[glr-1p:.cz::.caspase-3(p17), mgl-1p:.caspase-3(p12)::nz, ges-1p::nls-GFP] (Il) RMD/D/V ablation 34.8
1K3404 njls132[ser-2(2)p:.cz::caspase-3(p17), ntr-2p:.caspase-3(p12)::nz, ges-1p::nls-GFF] (X) 56.9
RMED/V ablation
IK3377 njls130[ser-2(2)p::flp, ntr-2p::frt::tomm-20(N’-55AA)::miniSOG, ges-1p::nis-GFP] (X) 85.5
1K3242 njls117[gcy-8p::cz::caspase-3(p17), gey-8p:.caspase-3(p12)::nz, ges-1p::nis-GFF](l); njis79 -
AFD/AWC ablation
1K3227 njls98; njls89 -

1171
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1172  Table S1. Cell-ablated strains used in this study. Efficiencies of cell-ablations by
1173  recCaspasese were estimated by crossing the listed lines into integrated reporter lines
1174  listed in Table S2 and checking the disappearance of fluorescence from the reporter
1175  proteins. *Efficiency of njls93 was estimated in the heterozygous state. Efficiencies of
1176  cell-ablations by mito-miniSOG were estimaterd by checking the disappearance of

1177  fluorescence from the miniSOG after the illumination of blue light at the L1 stage.
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Strain name Genotype Experiment
IK0673 njls2[nhr-38p::GFP, AlYp::GFFP] (V) AFD/AIY marker
1K2952 njis86[sra-6p.GFF] (X) AS| marker
1K2811 njls82[ceh-36p:.GFP, gir-3p::GFF](l) AWC/RIA marker
1K3237 njls112[gey-28dp::GFP] (X) AIA marker
IK2711 njls63fodr-2(2b3a)p::GFF (1) AIB marker
1K2672 njls39facc2-p:: TagRFP] () AlZ marker
IK2951 njls85sto-3p:GFF](X) RIB marker
1K2881 njls83[tdc-1p::GFP] (X) RIM marker
1K3239 njls114[unc-47p:fip, ser-4p::fit:: TagRFF] (IV) RIS marker
1K3246 njls119[npr-dap::GFF] (V) AVA marker
ST401 nclsd01[opt-3p::ArchT::GFFP, acd-4p::GFP] AVE marker
1K3148 njls102[cdr-2(18)p::GFF] (IV) SMBD/V marker
1K3147 njls 101[lad-2p::fip, fip-22p::frt:: TagRFF] (1) SMDD/V marker
IK3087 njls94[rig-Sap::GFFP] (V) RMD/D/V marker
1K3047 njls88[unc-47p::GFP](Il) RMED/V marker
IKO597 gey-23(nj37) gcy-8(oy44) gey-18(nj38) AFD disruption
IK2572 ceh-36(ky640) AWC disruption
1K2613 gey-23(nj37) gey-8(oy44) gey-18(nj38); ceh-36(ky640) AFD/AWC disruption
IKO604 eat-4(ky5) glutamatergic transmission disruption
1K0884 eat-d(ky5); nfEx379[gcy-8p::eat-4 cDNA, ges-1p::nis-GFF] rescue of eat-4 in AFD
1K0885 eat-4(ky5); njEx380[odr-3p::eat-4 cDNA, ges-1p::nls-GFF] rescue of eat-4 in AWC
1K3331 njEx1387[ins-1p:flp, gcy-28dp::frt::YCX1.6] AIA imaging
1K3330 njEx1386[aptf-1p::fip, inx-1p::frt:: YCX1.6] AIB imaging

1178
1179  Table S2. Strains carrying cell markers, mutations, or calcium indicators used in this

1180  study.
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1181  Supplemental Movie Legends

1182  Movie S1. Thermotaxis behavior is accomplished within 30 minutes. Each dot
1183  represents the centroid of the animal during the thermotaxis assays in the T<T,
1184  condition (left panel) and in the T>T, condition (center panel). The time course of TTX
1185 indices in the T<T, condition (red line) and in the T>T, condition (blue line) are shown
1186 in the right panel.

1187

1188  Movie S2. Thermotaxis simulation reproduces the population behavior in the assays.
1189  Each dot represents the centroid of the animal during the thermotaxis assays in the T<T,
1190  condition (left upper panel) and in the T>T, condition (left lower panel). The animals in
1191  the thermotaxis simulation are shown in the center column. The time courses of TTX
1192  indices in the experiments (colored lines) and in the simulations (black lines) are shown

1193 in the right column.
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