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Abstract 11 

 12 

Complex behaviors like navigation rely on sequenced motor outputs that combine to generate 13 

effective movement. The brain-wide organization of the circuits that integrate sensory signals to 14 

select and execute appropriate motor sequences is not well understood. Here, we characterize the 15 

architecture of neural circuits that control C. elegans olfactory navigation. We identify error-16 

correcting turns during navigation and use whole-brain calcium imaging and cell-specific 17 

perturbations to determine their neural underpinnings. These turns occur as motor sequences 18 

accompanied by neural sequences, in which defined neurons activate in a stereotyped order 19 

during each turn. Distinct neurons in this sequence respond to sensory cues, anticipate upcoming 20 

turn directions, and drive movement, linking key features of this sensorimotor behavior across 21 

time. The neuromodulator tyramine coordinates these sequential brain dynamics. Our results 22 

illustrate how neuromodulation can act on a defined neural architecture to generate sequential 23 

patterns of activity that link sensory cues to motor actions.  24 
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Introduction 25 

Whether moving towards a food source or away from a predator, animals must integrate 26 

sensory stimuli to navigate to favorable locations. Navigation behavior occurs as a sequence of 27 

motor outputs chained together to produce directed movement. Neural circuits are tasked with 28 

generating these sequenced motor outputs while simultaneously integrating dynamic sensory 29 

input to continually update behavior. Understanding how neural circuits select, execute, and 30 

update sensory-guided navigation behaviors should reveal basic principles of how nervous 31 

systems are organized to integrate sensory information and control behavior.  32 

The neural circuits that control navigation need to relate the spatial distribution of 33 

sensory cues in the environment to an animal’s own movement. In mammals, neural 34 

representations of an animal’s location and movement patterns can be found in the hippocampus 35 

and surrounding structures (reviewed in1). For example, a subset of CA1 cells active during 36 

navigation conjunctively respond to position and accumulated visual information in mice2. In 37 

Drosophila and other arthropods, the central complex stores information about an animal’s 38 

heading direction (reviewed in3), which can be updated based on sensory cues4 to direct 39 

navigation towards targets in the environment (for example5,6). Additional circuits integrate 40 

movement and sensory input7. Across species, navigation circuits are spatially separated from the 41 

circuits that execute motor sequences, such as the basal ganglia of mammals or descending 42 

pathways of Drosophila (for example8–14). Understanding how these distributed neural circuits 43 

interact in the context of sensory navigation remains a key challenge. 44 

Studying sensory-guided behavior is particularly tractable in C. elegans, which have robust 45 

behavioral responses to sensory stimuli such as odors, temperatures, gases, and salts15–20. The 46 

primary sensory neurons that respond to many stimuli have been identified (reviewed in21), and 47 

the neuronal connectome is defined for C. elegans’ 302 neurons22–24. Together with a defined 48 

map of neurotransmitter identity25, these connections suggest possible anatomical routes from 49 

sensory to motor circuits. However, functional data is required to identify behaviorally relevant 50 

pathways26. In pursuit of this goal, brain-wide calcium imaging in freely-moving animals27,28 51 

with reliable neuronal identification29–31 (reviewed in32) has recently made it feasible to map 52 

brain-wide neural activity during specific C. elegans behaviors.  53 

C. elegans olfactory navigation is a well-studied, naturalistic behavior. Animals move 54 

towards attractive odorants such as those released by bacterial food33 and away from aversive 55 

odors, some of which are toxic34. Animals have been thought to navigate using two behavioral 56 

strategies. First, a “biased random walk”, in which animals moving in an unfavorable sensory 57 

direction increase their reorientation rates19,35,36. C. elegans reorientations are either high-angle 58 

turns or reversal-turns, which are stereotyped behavioral sequences: animals switch to reverse 59 

movement for several seconds (“reversals”) and then make a dorsal or ventral head bend (“turn”) 60 

as they resume forward movement. Individual reorientations during olfactory navigation are 61 

hypothesized to be randomly directed, but reorientations often occur in clusters, termed 62 

“pirouettes,” which may allow an animal to sample until they find a favorable direction19,37. 63 

Second, animals that are moving forwards “weathervane”, bending their forward movement in a 64 

favorable direction38, including when they encounter sharp gradients35. Key interneurons 65 

required for biased random walk and weathervaning have been identified36,38–41. Interestingly, C. 66 

elegans thermotaxis involves different strategies, such as regulating run length and reorientation 67 
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direction, and a lack of weathervaning42–44. In all C. elegans navigation, there is still a gap in our 68 

understanding of how ongoing neural dynamics across the entire system are coordinated to 69 

generate precisely sequenced behaviors. 70 

The neurons that control spontaneous behavioral transitions in C. elegans are well defined. 71 

Different sets of neurons drive forward (RIB, RID, AVB) and reverse (AVA, AVE, AIB, RIM) 72 

locomotion45–50. Other neurons comprise a “head steering circuit”: SMD and RIV control post-73 

reversal turns while SMB, SAA, RME, and RMD are important for head bending or turning in 74 

general29,47,51,51–59. The head steering circuit consists of neuron classes that are each four- or six-75 

fold symmetric groups of neurons that send synaptic outputs to the dorsal and ventral head 76 

muscles. Somewhat surprisingly, recent studies found that many neurons in the head steering 77 

circuit change how their activity oscillations are coupled to head bending oscillations based on if 78 

the animal is moving forwards or reversing29,52, suggesting time-varying modulation of this 79 

steering network.  80 

Here, we examine the neural circuits underlying olfactory navigation. First, we identify a 81 

novel behavioral strategy during C. elegans olfactory navigation: animals modulate the angles of 82 

their individual reorientations based on the olfactory gradient, suggesting they can compute their 83 

heading error in the gradient and perform error-correcting turns. Next, we use whole-brain 84 

calcium imaging and cell-specific perturbations to determine brain-wide mechanisms of 85 

navigation control. This identifies a network of neurons that exhibit a stereotyped sequence of 86 

neural activity during each reorientation. Different neurons in this network respond to olfactory 87 

cues, bias upcoming turn angles, terminate reversals, and execute turn kinematics. We also 88 

determine that the neuromodulator tyramine is critical for these coordinated neural sequences. 89 

These results suggest that coordinated sequences of neural activity can link sensory signals to 90 

motor actions across time and illustrate how fast timescale neuromodulation can coordinate 91 

sequential brain dynamics to facilitate sensory-guided movement.  92 

 93 

Results 94 

 95 

C. elegans olfactory navigation is a biased non-random walk  96 

 97 

 As a first step towards understanding the neural circuits that control olfactory navigation, 98 

we sought to determine the behavioral strategies that C. elegans use to navigate olfactory 99 

gradients. To do so, we recorded wild type animals’ locomotion as they navigated towards the 100 

attractive odor butanone or away from the aversive odor nonanone. As a control, we recorded 101 

animals on plates with no odor. Previous studies suggested that C. elegans navigation relies on 102 

two behavioral strategies (shown in Fig. S1A): a “biased random walk” (or klinokenesis) 103 

wherein animals heading in an unfavorable direction are more likely to reorient, randomly 104 

changing their direction19, and “weathervaning” (or klinotaxis), where animals bend their 105 

forward movement in a favorable direction38 (weathervaning was present in our data, Fig. S1B). 106 

We examined whether our data were consistent with a biased random walk. Matching previous 107 

results19, we found that animals significantly increased their reorientation rate when facing in an 108 

unfavorable direction (that is, away from attractive or towards aversive odors) (Fig. 1A-B, S1C; 109 

here, note that a bearing of +1 means the animal is moving towards the odor and a bearing of -1 110 
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means they are moving away from the odor). Extending this observation, we also found that 111 

individual reorientations tend to begin 10-20 sec after animals have veered in a less favorable 112 

direction (Fig. 1C). These data suggest that animals perform reorientations when they are 113 

heading in an unfavorable direction, in particular if their heading has recently worsened.  114 

 We next investigated if reorientations were randomly directed or dependent on the 115 

animal’s heading in the olfactory gradient. We first examined whether individual reorientations 116 

increase or decrease the extent to which animals are moving towards an odor. This analysis 117 

suggested reorientations may be non-random: animals indeed improved their bearing via their 118 

reorientations, turning towards butanone and away from nonanone (Fig. 1D-E; note that this 119 

improvement in bearing can also be seen post-reorientation in Fig. 1C). Similar effects had been 120 

seen in C. elegans thermotaxis, where reorientations also act to point animals in a preferred 121 

direction43. Here, we found directed reorientations occur across the space of the recording plate, 122 

except when animals are very far from the odor (Fig. S1D).  123 

We then examined if this effect was due to animals coupling their heading in the gradient 124 

at reversal initiation (their direction to the odor, ϴ) to the angle of their reorientation (turn angle, 125 

∆ϴ) (Fig. 1D). To do so, we performed a shuffle analysis where animals’ initial heading 126 

directions were coupled to randomly sampled turn angles from the same video. We then 127 

simulated the resulting heading directions and asked whether they improved the animals’ bearing 128 

in the gradient as effectively as the real reorientations (Fig. 1D). Shuffled data were significantly 129 

less likely to improve animals’ bearing in the gradient compared to the real reorientations (Fig. 130 

1E). This suggests individual reorientation turn angles are modulated based on animals’ initial 131 

direction in the gradient. Thus, reorientations are not randomly directed but instead actively 132 

improve animals’ heading in the gradient. Past work had hinted at the presence of these directed 133 

turns during chemotaxis but lacked the resolution needed to identify individual reorientation 134 

angles19.  135 

The above results indicate that animals modulate their turn angles to improve their 136 

heading in the gradient. In principle, animals could improve their bearing by modulating the 137 

signs or amplitudes of their turns. These two possibilities are not mutually exclusive. C. elegans 138 

lay on their sides when crawling on agar plates, so their turns are directed either dorsally or 139 

ventrally (Fig. 1F). We first tested if animals modulate the decision to turn dorsally or ventrally 140 

based on the direction of the gradient. That is, if an animal begins the reorientation with the odor 141 

point source to its dorsal side, do they turn dorsally (and vice versa) (Fig. 1F)? Relative to 142 

spontaneous movement on plates without odor, animals navigating to an odor exhibited a small 143 

but significant increase in the proportion of reorientations that are in the correct dorsal/ventral 144 

direction (Fig. 1G; Fig. S1E shows same response to other odors; see Fig. 1G legend and 145 

Methods for details on dorsal/ventral sign in these recordings). Animals also modulate the 146 

amplitudes of their reorientations—animals with a larger error in their bearing with respect to the 147 

odor gradient (Fig. 1H) executed higher angle turns than animals that had smaller errors at 148 

reorientation onset (Fig. 1I, S1F-G). These findings show that animals modulate the signs and 149 

amplitudes of their turns to improve their bearing in the odor gradient. Together, these results 150 

suggest that C. elegans olfactory chemotaxis can be accurately described as a biased non-random 151 

walk. 152 
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Reversals are heterogeneous with regards to their duration and extent of body bending. 153 

Some turns include a high-angle omega bend where the animal touches its head to its tail. We 154 

separated reversals based on these properties to see if certain reversal classes were particularly 155 

effective at correcting the animals’ heading error. We found that reversals lacking high-angle 156 

turns were best at selecting D/V direction (Fig. S1H). Interestingly, longer reversals were no 157 

more likely to end in the correct direction (Fig. S1I), raising the possibility that the bias in D/V 158 

direction may be determined before reorientations have begun, rather than relying on active 159 

gradient sensing during reverse movement. It also remains possible that reorientation direction is 160 

selected based on active sensing as animals transition from the reversal back to forward 161 

movement (though analysis of neural activity suggests that turn directions are prespecified; see 162 

Fig. 2).  163 

Reorientations can occur as single, “isolated” events or be clustered together to make a 164 

“pirouette” which are followed by long periods of forward movement or “runs” (Fig. S1J). We 165 

found that animals also modulate the direction at which they start their runs based on gradient 166 

direction (Fig. 1J). On average, both isolated reorientations and the last reorientation of 167 

pirouettes result in a favorable heading in the gradient as runs begin, but the last reorientation of 168 

the pirouette is significantly better aligned with the gradient (Fig. 1K). We also examined 169 

reorientations within pirouettes. Notably, animals were more likely to reverse again if a 170 

reorientation ends in a less favorable direction (Fig. S1K). Consistent with this, the first 171 

reorientations of pirouettes were more likely to end in an unfavorable direction (Fig. 1K, S1L). 172 

This suggests that while animals are able to perform error-correcting turns, they do not always do 173 

so, and they are more likely to enter into pirouettes when they fail to do so. Together, these 174 

results suggest that animals modulate multiple reorientation features to navigate olfactory 175 

gradients.  176 

 177 

Brain-wide calcium imaging in freely-behaving animals surrounded by aversive odors 178 

 179 

Our behavioral data revealed that C. elegans modulate several aspects of their movement 180 

to enable olfactory navigation. In particular, they modulate both when they initiate reorientations 181 

and the angles of the reorientations based on the sensory gradient to improve their bearing. We 182 

next sought to identify the neural circuits that implement these navigation strategies. To identify 183 

relevant neurons and circuits, we collected brain-wide calcium imaging datasets, examining 184 

behavior and neural activity during spontaneous and odor-triggered movement.  185 

We collected data from 32 animals freely-moving on NGM agar in the absence of food. 186 

The standard NGM agar was surrounded by agar containing the aversive odor octanol. When the 187 

agar pads were made, these two types of agar were fused, creating a steep odor gradient at the 188 

site of agar fusion (Fig. 1L, S1M). This design allowed for a gradient that could be consistently 189 

constructed, and where an animal’s sensory experience could be reliably quantified. Given the 190 

throughput constraints of whole-brain imaging, this design also allowed us to collect and pool 191 

data from many animals experiencing near-identical changes in odor concentration as they 192 

moved onto the sharp gradient. Consistent with our expectations, animals showed elevated 193 

reorientation rates after their heads crossed onto the octanol-containing agar (Fig. S1N; note also 194 

that the example animal in Fig. 1M switches to reverse locomotion upon each octanol 195 
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encounter). The recorded animals expressed pan neuronal NLS-TagRFP and NLS-GCaMP7f 196 

(Fig. 1L), with NeuroPAL fluorescent barcoding used to determine the identities of the recorded 197 

neurons with respect to the connectome (Fig. 1M-O). The data were recorded and processed 198 

using previously described custom-built tracking software, image analysis software, and neuron 199 

identification methods29,60,61. 200 

From the 32 recorded animals, we obtained activity data for an average of 102 201 

identifiable neurons per animal. We first confirmed that our data captured the dynamics of 202 

neurons whose activity changes during navigation-relevant behaviors such as forward-reverse 203 

transitions (Fig. 1N) and head bending (Fig. 1O). We additionally confirmed that the octanol 204 

sensory neuron ASH increased activity upon octanol encounter (Fig. S1O). We then sought to 205 

identify neural signatures in our brain-wide recordings that correspond to the navigation 206 

strategies seen in our behavioral data.  207 

 208 

Neurons in the head steering circuit encode turning directions before and during turns 209 

 210 

 Our behavioral data suggested that animals regulate reorientation starts and turn angles 211 

based on sensory cues. We examined the precise neural dynamics associated with these 212 

behaviors, first focusing on directed turning during reorientations. For animals to execute 213 

directed turns in olfactory gradients, there must be cells that calculate the error of an animal’s 214 

heading and modulate turning accordingly. The most likely candidates, based on anatomy and 215 

activity, are the neurons of the head steering circuit, which occur as four- and six-fold symmetric 216 

neurons that innervate the head muscles: SMB, SAA, RMD, and SMD (RME is described 217 

below). Each of these neurons has a dorsal “D” class and a ventral “V” class; for example, the 218 

SMB neurons include the SMBD neurons and the SMBV neurons. Ablation and silencing studies 219 

have shown that these cells are required for maintaining normal head curvature29,47,51–53,57,62,63. In 220 

addition, SMD and the neuron RIV are known to be required for turning at the ends of 221 

reversals47,52,58 (the neuron RIV uniquely in this circuit does not exist as a D/V pair). Recent 222 

calcium imaging data highlighted complexities in these cells’ calcium dynamics, as their activity 223 

with respect to head curvature changes depending on whether the animal is moving forwards or 224 

reversing29,52. These findings raised the possibility that these neurons may control heading 225 

direction during reorientations as animals switch between forward and reverse movement. 226 

We examined the dynamics of these cells during forward and reverse movement in our 227 

recordings, pooling data across all recorded animals. (We first considered spontaneous 228 

movement; odor-responsive movement is discussed later). Consistent with prior work, SMD 229 

neurons oscillate with head bending during forward, but not reverse, movement (Fig. 2A; note 230 

that neural activity here is aligned to head swings, since this is essential to interpret activity in 231 

these neurons, alignment is further described in the figure legend and Methods). Our data also 232 

revealed that SAA neurons oscillate in phase with head bending and dramatically scale up their 233 

oscillations throughout reversals (Fig. 2A). RMDD (but not RMDV) neurons oscillate with head 234 

curvature and invert the phase of their oscillations relative to head bending in forward versus 235 

reverse movement (Fig. 2A). SMB neurons oscillate with head bending and reduce their activity 236 

during reversals (Fig. 2A). These results suggest that neurons across this circuit have activity 237 
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dynamics that oscillate with head bending, but the relationship between activity and head 238 

bending remaps based on movement direction.  239 

 We next examined activity during different types of reorientations. Each reorientation 240 

consists of two sequential motor outputs: a reversal (short bout of reverse locomotion), followed 241 

by a dorsal or ventral turn as forward movement resumes (Fig. S2A). We considered if neuronal 242 

activity in the head bending circuit differs during dorsal vs ventral turns, as has been shown for 243 

SMD48,52. Thus, we aligned activity to the ends of reversals, splitting the data based on whether 244 

the animals turned ventrally or dorsally. Here, we discuss and display data for the ventral (“V”) 245 

class of each of these neurons, but related trends were also seen for these cells’ dorsal 246 

counterparts (Fig. S2B). SMDV, RMDV, and RIV were active during turns and displayed higher 247 

activity during ventral turns compared to dorsal (Fig. 2B; this analysis and related analyses were 248 

corrected for multiple comparison across all neurons examined). SMDV and RIV activity also 249 

displayed increased activity during higher-angle ventral turns compared to lower-angle ventral 250 

turns (Fig. 2C). This suggests that RMDV, SMDV, and RIV are active during turns and encode 251 

the turn properties, or turn “kinematics”. By contrast, SAAV activity was higher during reversals 252 

that ended in ventral (compared to dorsal) turns, displaying this activity difference before the 253 

turns were actually executed (Fig. 2B; Fig. S2C). This suggests SAAV may act to bias or predict 254 

the upcoming turn direction.  255 

 Our SAAV results suggested the possibility that neural activity might be able to predict 256 

upcoming turning behavior. Past work has only successfully decoded current and past behavior, 257 

not future, from neural activity in C. elegans29,64. Therefore, we sought to determine whether 258 

SAAV activity was indeed predictive of future behavior. In particular, it was possible that the 259 

SAAV activity changes could be related to changes in head bending during the reversal, which 260 

themselves were predictive of the upcoming turn direction. To test this, we attempted to predict 261 

upcoming turn direction from head curvature and/or SAAV activity during the reversal. 262 

Specifically, we used a Recurrent Neural Network (RNN) with five-fold cross validation to 263 

predict upcoming turn direction based on head curvature alone or both head curvature and 264 

concurrent SAAV activity during the reversal (see Fig. S2D and Methods for details). The RNN 265 

trained on both behavior and SAAV activity was significantly better at decoding upcoming turn 266 

direction than that trained on behavior alone (Fig. 2D). This result suggests that SAAV activity 267 

does carry information relevant to future turning behavior.  268 

 As our behavioral data had shown that turn signs and amplitudes are important for 269 

navigation, we next examined if the head steering circuit neurons respond to sensory input. The 270 

recorded animals in our calcium imaging data occasionally encountered the aversive odor 271 

octanol. We therefore asked if the phases and amplitudes of these neurons’ oscillations were 272 

altered when the animal encountered octanol, compared to spontaneous head swings (Fig. 2E-F). 273 

As we were interested in which neurons might control directed turns, we specifically examined if 274 

activity changed based on if the animals sensed the increasing sharp octanol gradient on their 275 

dorsal side (Fig. 2E) versus their ventral side (Fig. 2F). If a cell is important for directed turns, it 276 

should respond differently to these approach directions. By contrast, if a cell responds similarly 277 

to both directions, it may generically respond to the aversive odor cue. Indeed, we observed such 278 

sensory- and direction-dependent changes in SMBV and SAAV activity.  279 
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When animals approached octanol with the odor on the dorsal side, SAAV activity 280 

increased significantly, continuing to ramp the longer forward movement continued (Fig. 2E). 281 

By contrast, when animals approached octanol with the odor on their ventral side, SAAV activity 282 

slightly decreased (Fig. 2F). This result qualitatively matches the SAAV activity described 283 

above: SAAV activity is higher during reversals preceding ventral turns (Fig. 2B), and when 284 

animals approach octanol dorsally, a ventral post-reversal turn will move them in the correct 285 

direction, away from octanol. SMBV activity was significantly lower when the animals 286 

approached octanol dorsally (Fig. 2E), while the phase of its activity relative to head curvature 287 

inverted as animals approached octanol ventrally (Fig. 2F). Recent work on salt navigation has 288 

also observed sensory dependent changes in SMB activity65, and work in immobilized animals 289 

has found SAAV responds to octanol66. Our data suggest SAAV and SMBV respond to spatial 290 

sensory cues, perhaps acting to direct upcoming movement based on the animal’s surroundings. 291 

Other head steering neurons, like SMD, displayed no responses to octanol encounter (Fig. 2E-F). 292 

These results suggest that SMB and SAA carry significant sensory signals in their activity, while 293 

other neurons in the circuit that may integrate this information ultimately have their activity 294 

directly tied to the motor output. 295 

Taken together, these observations suggest that neural activity in the head steering circuit 296 

evolves in a stereotyped, sequential order that depends on the properties of the turn. (We define 297 

this reliable, ordered progression of neuron activity as a “neural sequence”). As reversals begin, 298 

SAA and RMD activity increase, with SAA activity reporting the upcoming turn direction; as 299 

turns begin, SAA activity falls and RMD activity quickly peaks, while RIV and SMD activity 300 

increase proportional to the turn direction and angle. SMB activity consistently carries head 301 

bending information but scales up its activity after the turn ends and forward run begins. (Fig. 302 

S2E shows that this ordering is stereotyped across turns). SMB and SAA activity can 303 

additionally be modulated by sensory input. This sequence can be easily observed in aggregate 304 

data across animals (Fig. 2A-C) and in example reorientations in single animals (Fig. S2F; Fig. 305 

S2G shows a summary of these results). These activity profiles correspond to distinct phases of 306 

the behavioral sequence – forward, reverse, turn – and several of these cells are active across 307 

behavioral components (for example, RIV activity starts rising at the very end of reversals, peaks 308 

during ventral turns, and stays high for the first ~10 seconds of forward runs after ventral turns, 309 

Fig. 2B). Overall, these activity patterns combine to generate a reliable neural sequence that 310 

propagates head curvature information throughout reorientations.  311 

 312 

Head steering circuit neurons causally affect spontaneous and odor-guided reorientations  313 

 314 

 We next investigated if these neurons have causal control over spontaneous behavior and 315 

sensory-guided reorientations. Some of these cells (SMDs) are known to carry proprioceptive 316 

signals67, but the fact that these neurons have synaptic outputs onto head muscles also suggests 317 

causal control. Because specific promoters were mostly unavailable for these neurons, we used 318 

intersectional Cre-Lox promoters to generate cell-specific optogenetic lines (see Methods). 319 

Optogenetically silencing either the SMBs, SMDs, or SAAs resulted in longer reversals (Fig. 320 

3A-C; using the optogenetic silencing channel GtACR268), suggesting each of the three neuron 321 

classes is necessary for the termination of reversals. These findings were consistent with past 322 
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work on the SAAs and SMDs51,52. Silencing the SMDs or SAAs also increased animals’ reversal 323 

rate (Fig. 3B,C), while activating the SMDs increased the rate of forward runs (Fig. S3C; using 324 

the optogenetic activation channel CoChR69), suggesting that the SMDs promote forward and 325 

suppress reverse movement. Silencing any of these three neuron classes also reduced 326 

spontaneous turn amplitudes (Fig. 3A-C). Together, these results suggest that these neurons are 327 

causally involved in terminating reversals and controlling spontaneous turn amplitude. SMD and 328 

SAA had the strongest effects on limiting reversal durations; the fact that SAA and SMD activity 329 

peak near reversal ends suggests that these activity patterns, which encode turn direction, may 330 

also promote the transition to forward movement. SAA’s behavioral control is unusual. Its high 331 

activity during reversals (Fig. 2B) acts to promote reversal termination (Fig. 3B), in contrast to 332 

previously described reverse-active reverse-promoting cells like AVA70.  333 

 We also examined if any of these neurons are critical for the sensory-guided nature of 334 

reorientations. Animals lacking either a functional SAA or SMD exhibited a significantly 335 

decreased ability to correctly adjust the dorsal/ventral direction of their reorientations based on 336 

the odor gradient (Fig. 3D). Of note, other studies have found that SMD is important for 337 

promoting omega turns during aversive olfactory learning40. We found that SAA ablated animals 338 

also began forward runs in apparently random directions, rather than being aligned to the odor 339 

gradient (Fig. 3E). A different promoter combination that allowed for joint optogenetic silencing 340 

of SMD and SAA yielded the same sensory-guided turning deficits (Fig. S3E,F), further 341 

corroborating these results. In addition, lim-4 mutant animals, which have morphological deficits 342 

in SAA71 as well as cell fate deficits in SMB63 among other cells, additionally began forward 343 

movement less well-aligned to the odor gradient than wild type animals (Fig. S3G,H). Together 344 

with our calcium imaging data, which suggested SAAV activity changes based on sensory input 345 

(Fig. 2E-F), this suggests SAA activity may be regulated by the spatial distribution of sensory 346 

cues in order to causally direct the D/V turn decision during odor navigation.  347 

Together with the above results, these data suggest there is a stereotyped sequence of 348 

neural activity in the head steering circuit during each reorientation that is important for ending 349 

reversals and determining turn angles. Each cell plays a unique and distinct role in this circuit 350 

(Fig. S3I summarizes functional roles). SMB and SAA carry sensory information, SAA 351 

additionally encodes upcoming turn angles, whereas SMD, RMD, and RIV encode turn 352 

kinematics. Based on neural silencing data, several of these cells, including SAA and SMD, are 353 

critical for coupling odor gradients to turn angles during navigation. 354 

 355 

Forward-active neurons can promote the transition into reorientations 356 

 357 

Our next goal was to identify sensory-responsive neurons that are active during forward 358 

movement and promote reorientation initiation, another key feature of olfactory navigation. 359 

Using our brain-wide calcium imaging data, we determined the full set of neurons with higher 360 

activity during forward movement across animals (Fig. 4A-C). Consistent with past 361 

work29,48,49,72, the neurons AVB, RIB, and RID activate as forward movement begins and 362 

maintain high activity during runs (Fig. 4A). We also identified a large set of other forward-363 

active neurons that had different timescales and dynamics during forward movement (Fig. 4B-364 

C). Formally, forward-active neurons could either simply increase their activity during forward 365 
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movement, or they could vary their activity with the animal’s forward speed. To distinguish 366 

between these possibilities, we used a neural encoding modeling approach29. Here, “forward 367 

encoding” indicates whether neuron activity is generally higher during forward movement, 368 

whereas “run speed encoding” indicates whether neuron activity varies with forward speed (Fig. 369 

4D). We found that some cells (AVB, RIB, RID, AUA, SIBV) respond to both forward 370 

movement and speed, while others (RMEL/R, RMED, VB01) are simply more active during 371 

forward motion and do not vary with speed (Fig. 4D).     372 

To catalog the differences between these cells’ dynamics, we examined average activity 373 

throughout forward runs, aligning activity from all runs that were 10-20 seconds (Fig. 4D; runs 374 

were stretched to be a fictitious 15 seconds for visualization purposes). This analysis revealed 375 

distinct relationships between activity and movement. For example, RME and IL1R activity 376 

increase linearly throughout forward runs (Fig. 4D) while OLL activity ramps up during forward 377 

runs and briefly increases as reversals begin (Fig. 4D). By contrast, SIAV activates at run start 378 

and decays thereafter (Fig. 4D). We also examined how these activity patterns scale as forward 379 

run length varies. We found RME activity continues to increase proportional to run length (Fig. 380 

4E) and AUA activity rises slowly during forward runs and then plateaus at a high level (Fig. 381 

4E). These divergent activity patterns raised the possibility that these neurons have distinct 382 

behavioral roles.   383 

We therefore tested how these neurons impact behavior. We expected optogenetic 384 

activation of these forward-active cells to promote fast forward movement, as has been seen for 385 

the forward-active cells AVB, RIB, and RID49,72,73. Indeed, optogenetically activating SIA 386 

decreased the probability of reverse movement and increased forward speed (Fig. S4A). By 387 

contrast, activating RME or AUA significantly increased reversal frequency (Fig. 4F-G). These 388 

optogenetically-triggered reversals were neither longer nor faster than spontaneous reversals 389 

(Fig. S4C-D), suggesting RME and AUA promote reversal initiation but do not impact the 390 

properties of the resulting reversals.  391 

For all of these forward neurons, we also asked whether their activity was modulated 392 

when animals crossed into the aversive octanol during forward movement. This analysis was 393 

motivated by the fact that animals increase their reorientation rate when moving in unfavorable 394 

gradient directions (Fig 1B and19). As the forward-active cells modulate the animal’s movement 395 

state, we were interested in if they showed sensory-evoked dynamics. For this analysis, we 396 

compared activity changes during the octanol encounter to activity changes during similar 397 

instances of spontaneous forward movement. Strikingly, SIAV activity was suppressed upon 398 

octanol encounter (Fig. S4E). Together with the above results, this suggests that SIA activity 399 

ramps down in response to aversive odor encounter, biasing the animals away from forward 400 

movement. Other forward-active cells did not show activity modulation during octanol encounter 401 

(for example, compare to RIB, Fig. S4E).  402 

 We further examined whether any of these cells had a role in navigation. We 403 

optogenetically silenced the SIA neurons, which results in decreased forward speeds (Fig. S4F), 404 

as previously shown74. Animals with SIA silenced began forward runs in a worse direction in the 405 

odor gradient (Fig. 4H). This suggests that SIA acts to bias reverse-to-forward transitions based 406 

on sensory input. Together, these data show that forward information is contained in neurons 407 

with diverse activity profiles and behavioral roles. Similar to the SAAs, RME and AUA 408 
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activities contradict their behavioral output: they are active during forward movement, but their 409 

activation promotes reverse movement. The prevailing model of forward-reverse transitions has 410 

suggested that transitions between forward and reverse locomotion are due to mutual inhibition 411 

between forward- and reverse-active neurons that promote their respective locomotion states. 412 

The identification of forward-active, reverse-promoting neurons (RME, AUA) and reverse-413 

active, forward-promoting neurons (SAA) suggests an additional layer of control over these 414 

locomotion transitions. 415 

 416 

Tyramine is required for sensory-guided reorientations during navigation  417 

 418 

The above results suggest that neural dynamics evolve in a stereotyped manner during 419 

each reorientation. We next sought to identify the neurons that control these reorientation-420 

associated brain dynamics and allow animals to initiate reversals and implement turns in a 421 

manner that is aligned to the odor gradient. We used a combination of candidate genetic 422 

screening and connectome analyses. Briefly, we performed a chemotaxis assay screen of >50 423 

mutants defective in cell specification, neurotransmission, and neuromodulation (Fig. S5A). 424 

From this screen, we identified tdc-1 mutants as deficient in chemotaxis to attractive and 425 

aversive odors (Fig. 5A, S5A). tdc-1 is required for the production of the neurotransmitter 426 

tyramine, produced by RIM neurons (and non-neuronal sources)75. tdc-1 is also required for the 427 

production of octopamine, which is synthesized in the RIC neurons using tyramine as a 428 

precursor75. In parallel to this candidate screen, we examined the connectome for neurons that 429 

might link the reversal circuit (AVA, AVE, RIM, AIB) to the head steering circuit. Of all the 430 

reverse-active neurons, the tyraminergic neuron RIM has the densest synaptic connections with 431 

the head steering circuit (Fig. 5B-C). Tyramine receptors are also found in neurons without direct 432 

synaptic input from RIM76, suggesting RIM tyramine may influence a broader set of neurons as 433 

well. We therefore chose to focus on the role of RIM and tyramine in navigation.  434 

We performed additional genetic and cell silencing experiments to test whether RIM 435 

tyramine is specifically required for chemotaxis. First, we confirmed that three independent 436 

mutant alleles of tdc-1 all shared the same deficit, with reduced chemotaxis to appetitive and 437 

aversive odors (Fig. S5B). As tyramine can be synthesized into the neurotransmitter octopamine, 438 

we next tested the chemotaxis of animals carrying a mutation in tbh-1, the enzyme that converts 439 

tyramine into octopamine75. tbh-1 animals’ navigation was comparable to wild type animals (Fig. 440 

5D). In addition, animals with the octopaminergic neuron RIC silenced display normal 441 

chemotaxis behavior (Fig. S5B). This suggests that RIC activity and octopamine are dispensable 442 

for navigation. By contrast, silencing the neuron RIM led to deficient chemotaxis to most odors 443 

tested (Fig. 5E), matching the tdc-1 phenotype. Finally, we used CRISPR/Cas9 genome editing 444 

to create a conditional rescue allele of tdc-1 (Fig. 5F). In this strain, the endogenous tdc-1 gene 445 

had its last several exons inverted and surrounded by loxP sites. Expression of Cre should revert 446 

tdc-1 to the correct orientation, allowing the expression of this gene only in Cre-expressing cells. 447 

As expected, the inverted strain had defective chemotaxis, matching the other tdc-1 mutants (Fig. 448 

5G). In addition, restoring expression in RIM, but not RIC, resulted in wild type chemotaxis to 449 

all odors tested (Fig. 5G). Together, these experiments suggest that tyramine release from RIM is 450 

critical for olfactory navigation.  451 
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 We next sought to identify the exact behaviors that tyramine influences during 452 

chemotaxis. We compared the navigation strategies of wild type animals to two different tdc-1 453 

mutant alleles and observed several deficits shared by both mutants. Weathervaning was 454 

unaffected in the absence of tyramine (Fig. 5H), but tdc-1 animals were less likely to bias their 455 

reversal starts based on their current and recent heading in the odor gradient (Fig. 5I, S5C-D). 456 

We considered whether this result could be explained by tdc-1 animals’ altered reversal 457 

frequency, but a subsampling approach showed this was not the case (Fig. S5D). In addition, we 458 

observed that tdc-1 animals began forward runs in less favorable gradient directions (Fig. 5J, 459 

S5E). This was likely related to the fact that they also failed to modulate the amplitudes of their 460 

reorientation-associated turns based on the olfactory gradient (Fig. 5K, S5F). tdc-1 mutants also 461 

had a partial deficit in modulating the D/V direction of their turns: both alleles showed intact 462 

D/V turning to butanone, but D/V turning to nonanone was not significantly different from plates 463 

without odor (Fig. 5L, see also Fig. S5G). 464 

We were concerned that some of these sensory turning deficits could be due to the well-465 

documented changes in reversal properties of tdc-1 mutants. These animals have shorter 466 

reversals and reduced turn amplitudes75,77–80. Specifically, we were concerned that animals 467 

lacking tyramine might not navigate well due to executing lower angle turns. However, tdc-1 468 

animals began forward runs in worse directions than wild type animals whether they began 469 

facing the odor (when they are best served by executing a small angle turn) or facing away from 470 

the odor (when large angle turns are more beneficial) (Fig. 5M).  In addition, animals lacking 471 

tyramine were more likely to execute a large turn when they had small-angle errors in their odor 472 

bearing and vice versa (Fig. 5K). This suggests that the navigation deficit cannot be explained by 473 

animals simply being unable to make high-angle turns. We additionally wanted to determine if 474 

disrupting reorientations always affected directed turning. However, animals with the reversal 475 

neuron AIB chronically silenced, which have deficits in reversal length and angle47 (Fig. S5H), 476 

had intact D/V correctness and amplitude modulation of their reorientations in olfactory 477 

gradients (Fig. S5I-J). This further suggests that the motor effects of tdc-1 mutants alone do not 478 

explain their navigation deficits. Together, these data show that tyramine is necessary to properly 479 

time and execute error-correcting reorientations during chemotaxis.  480 

 481 

RIM tyramine controls reorientations through multiple parallel pathways 482 

 483 

We next investigated how RIM activity and tyramine release impact sensory-guided 484 

behavior. RIM is a well-established reversal-active neuron46,48, with high activity throughout 485 

reversals (Fig. 6A). We found that RIM is more active during faster, longer reversals (Fig. 6B, 486 

C). When controlling for these factors, its activity during a reversal is not different depending on 487 

upcoming turn direction (D/V) or amplitude (Fig. 6D, E). RIM activity was unaffected as 488 

animals moved forward onto octanol (Fig. S6A), though it activated together with other reversal 489 

neurons once animals initiated reversals on octanol (Fig. S6B). Consistent with past work80,81, we 490 

found that optogenetically activating RIM promoted reversals (Fig. 6F). We additionally found 491 

that RIM-stimulated reversals are no longer or faster than spontaneous reversals (Fig. S6C), 492 

suggesting RIM is sufficient to generate but not prolong reversals. Inhibiting RIM led to shorter 493 

and slower reversals and a lower overall reversal frequency (Fig. 6G, S6D), similar to tdc-1 494 
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animals (Fig. S6E), demonstrating RIM’s necessity for proper reversal execution. Together, 495 

these results are consistent with a reversal-promoting effect for RIM. 496 

 RIM releases tyramine as well as glutamate and neuropeptides25,80. To focus on the 497 

downstream targets of tyramine in particular, we examined the tyramine receptors. Five tyramine 498 

receptors are known: the chloride channels LGC-39 and LGC-55 and the GPCRs SER-2, TYRA-499 

2, and TYRA-379,82–85. To examine the contribution of each of these receptors to reorientation 500 

behaviors, we quantified the spontaneous behavior of wild type animals and animals with single 501 

tyramine receptor mutations. SER-2 is known to promote high angle turns77 and LGC-55 502 

promotes reversal length79. We additionally found that all of the receptors promote reversal 503 

speed (Fig. 6H), four of the five receptors play a role in controlling turn angles (Fig. S6F), and 504 

some receptors are needed to extend and others to terminate reversals (Fig. 6I). These results 505 

suggest tyramine acts through each of its receptors non-redundantly to control reorientation 506 

behaviors.  507 

We next considered which of these receptors played a role in navigation. Animals with 508 

single tyramine receptor mutations showed no chemotaxis deficits (Fig. 6J). Quintuple mutants 509 

with mutations in all five receptors showed deficient responses to some, but not all, odors 510 

presented (Fig. 6K). Thus, the quintuple mutant phenotype is less severe than all three tdc-1 511 

mutant strains. One possible explanation for this discrepancy would be if there is a remaining, 512 

unidentified tyramine receptor. To investigate this possibility, we quantified the behavior of wild 513 

type animals and animals lacking all known tyramine receptors, comparing behavior with and 514 

without exogenous tyramine. As previously shown79, the addition of tyramine resulted in faster, 515 

higher angle reorientations in wild type animals (Fig. 6L,M). In addition, there was still an effect 516 

of tyramine on reorientations in the quintuple mutant lacking the five known tyramine receptors 517 

(Fig. 6L,M). This suggests that exogenous tyramine impacts one or more other unidentified 518 

receptor(s), though we note that we cannot rule out if this behavioral effect was due to the 519 

conversion of tyramine to excess octopamine. Overall, these results argue against a model where 520 

a single tyramine receptor is important for spontaneous or sensory-evoked reorientations. Rather, 521 

tyramine likely acts in parallel on several receptor types to modulate locomotion and navigation.   522 

 523 

Neurons that direct behavioral sequences are broadly dysregulated in tdc-1 animals   524 

  525 

The above results suggest that tyramine likely exerts its impact on navigation via multiple 526 

receptor types, suggesting widespread effects. Therefore, to examine the effects of tyramine at a 527 

brain-wide scale, we collected whole-brain calcium imaging datasets from 17 animals in a tdc-1 528 

mutant background, which lack tyramine and octopamine (Fig. 7A-B). In these brain-wide 529 

recordings, the tdc-1 mutant animals had the same behavioral deficits as were observed in the 530 

above behavioral assays: they exhibited slower, shorter, smaller angle reversals than wild type 531 

controls (Fig. 7B).  532 

We first aggregated data across animals for all neuron classes recorded and examined the 533 

impact of the tdc-1 mutation on general metrics of neural activity. The dynamic range of neuron 534 

activity was mostly unaffected in tdc-1 animals (Fig. 7A). We also examined whether the 535 

neuronal encodings of locomotion and head bending behaviors29 were disrupted in tdc-1 mutants. 536 

That is, if the relationship of neural activity and behavior was altered in tdc-1 for the different 537 
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neuronal cell types. This revealed that tdc-1 mutants had dysregulated encoding of behavior in 538 

several cell classes, including OLL, RME, RMDV, RIV, and others (Fig. 7A). Several forward-539 

active neurons had diminished encoding strength or even flipped encoding, becoming reverse-540 

active (Fig. 7A). Encoding of head curvature was also dysregulated, particularly in many of the 541 

neurons whose activity correlates with turn size and direction. Comparing these results to the 542 

expression of tyramine receptors (Fig. 7A) suggested hypotheses on the molecular mechanisms 543 

of tyraminergic modulation. For example, RME expresses the tyramine receptor SER-2, which 544 

past work has shown acts to inhibit RME during reversals86. SER-2 is expressed at similarly high 545 

levels in other forward-active neurons such as OLL and RID, suggesting potentially similar 546 

mechanisms. Of note, we found that neurons whose encodings of behavior were altered in tdc-1 547 

animals were significantly more likely to express tyramine receptors than expected by random 548 

chance (Fig. S7A). This suggests that, to an extent, knowledge of where tyramine receptors are 549 

expressed in the connectome can predict which circuits require tyramine for intact dynamics. 550 

 We next examined how individual neuron activity changed during reorientations. 551 

(Results reported here are for all data. As tdc-1 animals’ behavior differs, supplemental Fig. 552 

S7E-I show similar plots where we used subsampling to generate behavior-matched traces for 553 

wild type and tdc-1.) Activity of the reverse-promoting neurons (AVA, AVE, AIB, and RIM 554 

itself) increased in the absence of tyramine (Fig. S7B,E), but activity of the well-studied 555 

forward-promoting neurons (AVB, RIB, RID) was largely intact (Fig. S7C,F). Marked deficits 556 

were seen in the other forward-active neurons characterized above: SIAV, AUA, RMEL/R, and 557 

RMED activity changes across forward-reverse transitions were essentially abolished (Fig. 7C, 558 

S7H). As several of these neurons play a causal role in forward-reverse transitions (Fig. 4F-G, 559 

S4A), dysregulation of these neural dynamics may underlie part of the reorientation deficit in 560 

tdc-1 mutants. 561 

 We also investigated the activity of the neurons in the head steering circuit. (Here we 562 

again sought to control for behavioral differences; Fig. S7G,I show subsampled data where 563 

behaviors like amplitudes of head bends are matched across wild type and tdc-1 animals). 564 

Activity associated with forward head swings was largely unaffected by the absence of tyramine 565 

(Fig. 7E). However, oscillatory dynamics during reorientations were impaired in multiple neuron 566 

classes in tdc-1 mutants. SMBV oscillatory dynamics were diminished (Fig. 7D-E, S7G,I). The 567 

ramping oscillations associated with reverse movement seen in SAAV and RMDV were 568 

abolished without tyramine (Fig. 7D-E, S7G,I). While RMDD exhibits a phase shift during 569 

forward versus reverse movement in wild-type animals, this change was absent in tdc-1 mutants 570 

(Fig. S7D). When controlling for reversal and turn properties, SMDV and RIV, which encode 571 

turn kinematics, had normal dynamics in tdc-1 mutants (Fig. S7G,I). These changes, or lack 572 

thereof, can be seen in data across animals (Fig. 7D-E, S7G,I) and in example traces from wild 573 

type and tdc-1 animals (Fig. S8A,B). 574 

These results suggest that multiple components of the head steering circuit have disrupted 575 

activity dynamics in tdc-1 mutants, particularly during reversals. The disrupted activity across 576 

this circuit may underlie the impaired sensory-guided reorientation behaviors in tdc-1 mutants. 577 

Notably, two of the neurons we had identified as having sensory-responsive activity, SAA and 578 

SIA (Fig. 2E-F, Fig. S4E), had dysregulated dynamics in tdc-1 animals. Broadly, our tdc-1 579 

whole-brain calcium imaging results suggest that tyramine signaling is required for intact 580 
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dynamics in multiple circuit elements relevant to reorientations (Fig. 7F-G), suggesting a 581 

widespread modulatory effect on brain activity during reorientations.  582 

 583 

Discussion 584 

During navigation, neural circuits must process sensory information to generate motor 585 

sequences that result in sensory-directed movement. C. elegans gather odor gradient information 586 

over time as they move and use this information to control the initiation and angles of their 587 

reorientations, thus improving their bearing in the gradient. Neural activity during each 588 

reorientation occurs as a stereotyped neural sequence, where cells activate with precise dynamics 589 

in a reliable order. Different neurons in the sequence have distinct roles relevant to this 590 

sensorimotor behavior: responding to sensory cues, anticipating upcoming turn directions, 591 

encoding turn kinematics, and driving transitions to the next locomotion state (Fig. 7G). 592 

Therefore, the neural sequence that unfolds over time binds together a set of neurons with key 593 

elements of the sensorimotor behavior. Tyraminergic neuromodulation plays a critical role in 594 

organizing these evolving population dynamics. 595 

 596 

Directed turning: behavioral evidence and neural mechanisms 597 

Olfactory navigation in C. elegans is commonly described as a “biased random walk”. 598 

Consistent with this description, we observed that reorientation initiation is biased based on the 599 

odor gradient, matching many studies19,35,38. However, we additionally found that the angles and 600 

directions of individual turns were non-random and were modulated to improve the animal’s 601 

bearing in the odor gradient. This suggests that C. elegans olfactory navigation can be described 602 

as a “biased non-random walk”. It is worth noting that these findings are consistent with previous 603 

chemotaxis literature, which at the time lacked the resolution needed to record the angles of 604 

individual reorientations19. The navigation strategy that C. elegans uses seems to depend on the 605 

sensory stimulus and context: reorientation direction is not modulated during salt chemotaxis36; 606 

during C. elegans thermotaxis, animals have been shown to bias their reorientation direction43, 607 

and animals regulate their D/V reorientation direction when they encounter an aversive copper 608 

boundary87. Interestingly, none of these conditions yield turn amplitude regulation, which we 609 

found to be a property of olfactory navigation.  610 

Directed turns distinguish C. elegans chemotaxis from bacterial chemotaxis, which is a 611 

biased random walk (reviewed in88). C. elegans navigation may also differ from that of insects, 612 

like flies and ants. Insect nervous systems have an internal compass that encodes the animal’s 613 

estimated heading direction, which can then be compared to the directions of multiple external 614 

goals (reviewed in3). There is no evidence that the C. elegans nervous system has an internal 615 

compass, and this would not be strictly necessary for animals to compute the error of their 616 

current heading versus a single preferred gradient direction. Future work on multi-sensory 617 

integration could test whether C. elegans can only establish a single preferred direction for 618 

navigation or, alternatively, whether they can store information about multiple preferred 619 

directions. 620 

Our finding that C. elegans modulate their turn direction even when the reversals are 621 

exceedingly short (<0.5 body lengths) raises the possibility that turn direction may be based on 622 

sensory information gathered before the reorientation begins, during the forward run. Our results 623 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 11, 2024. ; https://doi.org/10.1101/2024.08.11.607076doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.11.607076
http://creativecommons.org/licenses/by/4.0/


 

16 
 

are also consistent with a model wherein reorientation direction and amplitude are modulated 624 

based on real-time gradient sensing as animals execute turns and transition to forward 625 

movement. However, our brain wide imaging results, which suggest that SAA activity can 626 

predict the upcoming turn direction, favor the first model. This activity motif would be most 627 

consistent with dorsal/ventral turn direction being pre-determined before turns begin. Consistent 628 

with these results, SAA was the neuron that was most convincingly modulated by the spatial 629 

location of the aversive odor octanol. It is notable that similar neural encoding of upcoming 630 

movements has been observed in mammalian systems89–91. In addition, recent studies reported 631 

similar predictive turning neural signals in Drosophila and zebrafish92,93. This suggests this type 632 

of neural coding may be highly conserved. Uncovering the neural implementation of these time-633 

delayed motor biases may aid our understanding of many neural systems. 634 

What is the neural implementation of the gradual bias and eventual execution of sensory-635 

guided turns? Our data, and the work of others, are currently most consistent with the following 636 

hypothesized model. During forward movement, SMB and SAA activity oscillations can be 637 

modulated by sensory cues. As reversals begin, RIM tyramine signals to the head steering circuit 638 

to allow SAA and RMD to ramp up activity and compute turn sign and amplitude, based on 639 

existing SAA and SMB activity. Depending on the desired turn direction, asymmetric SAA and 640 

RMD activity then activates SMDD or SMDV to execute a dorsal or ventral turn. Interestingly, 641 

the neurons whose activities are adjacent in time in this sequence are prominently connected by 642 

gap junctions (SMB to SAA; SAA to RMD; RMD to SMD) (Fig. 7F, S8C), raising the 643 

possibility that electrical signaling between these neurons may be involved in propagating the 644 

neural sequence and transmitting directional information. Inputs from RIM are most prominent 645 

onto SAA (Fig. 7F), which is notable since RIM is reversal-active, and SAA is the first reverse-646 

active neuron in the sequence. 647 

 648 

Reorientation initiation and termination 649 

Aside from directional information, we also investigated the circuits that direct forward and 650 

reverse initiation during chemotaxis. A major finding in prior C. elegans whole brain imaging 651 

studies was the widespread representation of velocity information29,48,64. Our findings suggest 652 

that much of this signal may represent real locomotor control, perhaps with surprising dynamics. 653 

We identified counterintuitive forward-active reverse-promoting cells (AUA and RME), as well 654 

as a reverse-active forward-promoting cell (SAA). To our knowledge, all other tested C. elegans 655 

neurons that are active during forward or reverse promote that same behavior when activated.  656 

Our observations suggest that ramping SAA activity during reversals may influence reversal 657 

duration. Similarly, AUA and RME, whose activity consistently increases during forward runs, 658 

may act as a memory of forward run length, biasing the animal towards a reversal the longer a 659 

run continues. More broadly, these findings suggest that C. elegans forward-reverse locomotion 660 

control may not be exclusively due to mutual inhibition between two groups of pre-motor 661 

neurons that has been previously described45,94,95. These gradual ramping signals may 662 

complement this network, biasing the timing of the all-or-none transitions enacted by the mutual 663 

inhibition motif. 664 

 665 

Neuromodulation of sequential neural dynamics  666 
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Here, we found that activity dynamics in the head steering circuit evolve rapidly during each 667 

reorientation, resulting in a stereotyped sequence of neural activity that underlies directed 668 

turning. Interestingly, we found that tyraminergic modulation was critical for many of these 669 

activity changes, with effects spanning many neurons. These widespread changes are consistent 670 

with tyramine’s “broadcasting” signaling motif. In the nervous system, tyramine is only 671 

produced by RIM, but over 80 neurons express tyramine receptors75,76.  672 

This broadcasting signaling allows tyramine to influence population-level neuron activity, 673 

coordinating the activity of many neurons that collectivity influence how the animal reorients. 674 

This modulation, which occurs during each reorientation in C. elegans, aligns neural dynamics in 675 

a manner that allows the system to execute sensory-guided motor actions. Rapid, broadcasting 676 

neuromodulation like this may underlie other forms of action selection in other systems as well. 677 

Notably, dopaminergic modulation in basal ganglia circuits is critical for action initiation and 678 

sequencing96. It is possible that there may be a similar logic at work in these circuits where 679 

dopaminergic modulation facilitates the generation of specific neural activity sequences that 680 

underlie action sequences13. Future studies will provide additional clarity regarding the precise 681 

mechanisms of neuromodulation over sequential neural dynamics, which should aid our 682 

understanding of many sensorimotor behaviors. 683 
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Figure 1. C. elegans olfactory navigation is a biased non-random walk  704 

 705 

A) An animal in an odor gradient. This plot illustrates the variable ϴ, which is the angle 706 

between the animal’s direction of movement (black arrow) and the point source of the 707 

odor (dashed line). The animal’s bearing to the odor is defined as cos(ϴ). Bearing to odor 708 

values of 1 indicate an animal is moving directly towards the odor; values of -1 mean 709 

they are moving away from the odor. For spontaneous no odor data, bearing to odor is 710 

calculated relative to the location where the odor would be on an odor plate.  711 

B) Reorientation rate varies based on the animal’s bearing to odor (cos(ϴ)). The dashed 712 

vertical line at 0 separates animals that are moving towards the odor (a positive bearing to 713 

odor) and moving away from the odor (a negative bearing). Reorientation rate compares 714 

the number of reorientation starts in the total amount of time at when the animal was at a 715 

specified 0.1 range of bearings to the odor (for example, the number of reorientation 716 

starts that the animal’s bearing was -1 to -0.9 over the total amount of time the animal’s 717 

bearing was -1 to -0.9 in a given recorded plate). ****p<.0001, Wilcoxon’s Rank Sum 718 

Test with Bonferroni Correction comparing slopes of the reorientation rate. n = 16-18 719 

recorded plates with 20-100 animals per plate. Data are means, shaded regions show 95% 720 

confidence interval (CI).  721 

C) Average bearing to odor over time, aligned to the onsets of reorientations. Data to the left 722 

of the dashed line show before reorientation, data to the right show after the reorientation 723 

(data during the reversal is removed, as animals change their direction so quickly while 724 

moving backwards that bearing is an unreliable metric during reversals). ****p<.0001, 725 

Wilcoxon’s Rank Sum Test comparing the pre-reversal slopes of the bearing over time. n 726 

= 16-18 recorded plates. Data are mean ± 95% CI. 727 

D) (Top) When animals reorient, they can either turn towards the odor (teal) or away from 728 

the odor (orange). (Bottom) We combined animals’ real initial directions (ϴ) with 729 

randomly shuffled changes in direction (∆ϴ) sampled from other reorientations. Each 730 

initial angle is combined with one change in direction; three examples for what this 731 

random shuffling could mean are shown to illustrate the variety of turn angles (∆ϴ).  732 

E) The fraction of the reorientations that turn the animal towards the odor in both real and 733 

randomly shuffled data. In randomly shuffled data, real initial angles (ϴ) were randomly 734 

matched with changes in direction (∆ϴ) from other reorientations (see (D) for 735 

illustration). ****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction. n = 736 

16-18 recorded plates. Each dot is one plate with 20-100 animals; the black or gray dot 737 

shows data mean.  738 

F) Animals can direct reorientations dorsally or ventrally. Which choice is “correct” 739 

depends on the animal’s initial bearing to the odor (this visualization assumes an 740 

appetitive odor).  741 

G) Fraction of reorientations that turn the animal in the correct dorsal or ventral direction. 742 

We note that in our behavioral recordings, the spatial resolution was too low to determine 743 

which side was ventral versus dorsal (we also note that we did have dorsal-ventral 744 

resolution in brain-wide imaging). However, in these behavioral recordings, it was still 745 

possible to determine whether the reorientation was in the “correct” direction, which is 746 
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shown here. This calculation and reasoning are described further in the Methods. 747 

Although the effect size is small, as animals execute on average 40 reorientations per 748 

recording during butanone chemotaxis, the cumulative effect is much larger. Each dot is 749 

one plate with 20-100 animals. ****p<.0001, Wilcoxon’s Rank Sum Test. n = 17-18 750 

recorded plates. Black dot shows data mean.  751 

H) Animals begin reorientations with a range of initial angles of their direction to the odor 752 

(ϴ). Here, a high angle direction or a ϴ of 135-180° is shown in the green region. The 753 

purple region shows animals that begin reorientations with a small angle direction to the 754 

odor, or a ϴ of 0-45°.  755 

I) Change in direction (∆ϴ) executed by animals that start with either large or small angle 756 

directions to the odor (ϴ). As animals naturally tend to execute turns of certain angles, 757 

the data is normalized to no odor controls for ease of visualization (non-normalized data 758 

for butanone and no odor are shown in Fig. S1G). ****p<.0001, Wilcoxon’s Rank Sum 759 

Test with Bonferroni Correction. n = 17 recorded plates with 20-100 animals on each 760 

plate. Data show mean ± 95% CI. 761 

J) Bearing to odor at the ends of pirouettes. Pirouettes are defined as when an animal 762 

executes multiple consecutive reorientations separated by <13 sec (see Methods for 763 

details). A visualization of a pirouette can be seen in Fig. S1J. ****p<.0001, Wilcoxon’s 764 

Rank Sum Test with Bonferroni Correction. n = 16-18 recorded plates. Data are mean ± 765 

SEM. 766 

K) Bearing to odor at the ends of isolated reorientations, the first reorientation in a pirouette, 767 

or the last reorientation in a pirouette for animals in a butanone gradient (see Fig. S1L for 768 

nonanone gradients). Pirouettes are defined as clusters of consecutive reorientations 769 

separated by less than 13 seconds (a sample track with isolated and pirouette 770 

reorientations is shown in Fig. S1J). ****p<.0001, Wilcoxon’s Rank Sum Test with 771 

Bonferroni Correction. n = 17 recordings. Data are mean ± SEM. 772 

L) Recording set up for whole-brain calcium imaging. Top shows an example animal from 773 

NIR imaging, which is used for behavioral data collection. Lower shows an example 774 

fluorescent head from spinning disc confocal imaging, which is used to image neuronal 775 

activity. To examine aversive olfactory responses, animals begin the recording on 776 

baseline agar (NGM) but are surrounded by a sharp octanol gradient. We used octanol 777 

here as animals tend to have a more robust avoidance response to octanol than to 778 

nonanone.  779 

M) Sample brain-wide imaging dataset. Heatmap shows calcium traces (F/Fmean) of 113 780 

identified neurons. Example behavioral features for the same animal are above, showing 781 

velocity and head curvature. Gray shaded bars show times the animal moved on to 782 

octanol.  783 

N) Example activity of identified neurons from the same dataset as in (M). Reversal active 784 

neurons are shown in red (AIB, AVA, AVE, and RIM), with velocity shown below. The 785 

red shading in the upper plot shows reversals. 786 

O) Example activity of identified neurons from the same dataset as in (M). SMBD, SMBV, 787 

SAAD, and SMDV activity oscillate with head curvature, which is quantified below 788 

(though the relationship between activity and head curvature is complex; see Fig. 2). The 789 
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right shows a zoomed-in section of these traces to show the high frequency activity in 790 

greater detail.  791 
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Figure 2. The neurons of the head steering circuit are sequentially activated during 792 

reorientations, encoding the signs and amplitudes of turns 793 

 794 

A) Head-curvature associated neuron activity in the neurons of the head steering circuit 795 

during forward (left panel for each neuron) or reverse movement (right panel, shaded 796 

red). Neural activity in this plot is aligned to head swings, since this is essential to 797 

interpret the activity of these neurons. (Head swing frequency can vary across 798 

reorientations and animals). Specifically, data were aligned to the time points when the 799 

head crosses from dorsal (positive) to ventral (negative) and vice versa. Therefore, the x-800 

axis shows head swings rather than time. (For reference, one complete head curvature 801 

cycle is on average 4.8 seconds, so the head swings can be considered normalized time). 802 

The average of head curvature itself is shown on the far right. More details of alignment 803 

can be found in Methods. n = 370-468 time windows of forward movement, n = 109-129 804 

time windows of reverse movement. Data are mean ± 95% CI. From left to right, fraction 805 

of datasets where neuron activity significantly encoded head curvature: SMBV 33%, 806 

SMBD 46%, SAAV 48%, SAAD 38%, RMDV 17%, RMDD 10%, SMDV 77%, SMDD 807 

66%, RIV 67% (the head curvature encoding was calculated as defined using the same 808 

statistical model as in29). Stars are defined as follows: * = neuron significantly encodes 809 

head curvature in more than 20% of datasets, ** = neuron significantly encodes head 810 

curvature > 40% of datasets, *** = neuron significantly encodes head curvature > 60% of 811 

datasets.  812 

B) Neuron activity throughout reorientations, including reversal, turn, and forward 813 

movement. Data are shown as event-triggered averages aligned to reversal endings, 814 

splitting out data by whether the animal then made a dorsal or ventral turn. Red shading 815 

shows reversal; the black dashed line is at reversal end. As head curvature frequencies 816 

vary across reorientations and animals, z-scored neuron activity is aligned to a uniform 817 

frequency of head curvature, specifically the frequency at which the head crosses from 818 

dorsal (positive) to ventral (negative) and vice versa. Far right shows head curvature (also 819 

aligned the same way). More details of the alignment can be found in the legend of Fig. 820 

2A and Methods. Only the ventral counterparts of the neurons in Fig. 2A are shown 821 

(dorsal neurons are in Fig. S2B). n = 99-150 dorsal turn and 462-554 ventral turn 822 

reversals (n values on the plot show the number of recordings with data for that neuron). 823 

****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction, comparing 824 

activity one head swing (~5 seconds) before or after the reversal end. Data are mean ± 825 

95% CI. 826 

C) Neuron activity during high and low angle turns, with data displayed similarly to (B). 827 

Here, data is separated by if animals execute small (<90°) or large (>90°) post-reversal 828 

ventral turns. n = 392-472 reversals total. ****p<.0001, Wilcoxon’s Rank Sum Test with 829 

Bonferroni Correction comparing activity one head swing (~5 seconds) before or after the 830 

reversal end. Data are mean ± 95% CI.  831 

D) Test accuracy of Recurrent Neural Networks (RNNs) trained to predict post-reversal turn 832 

direction (dorsal or ventral) based on neural activity and/or behavior during the reversal. 833 

The RNNs were provided data from the reversal preceding the turn: one network was 834 
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trained SAAV activity and head curvature (i.e. behavior) from these time segments and 835 

another was trained on head curvature data alone. RNN decoding accuracy was evaluated 836 

on testing data that was not provided during model training (Fig. S2D shows the data and 837 

process used to train and test the RNNs; additional details in the Methods). The RNN that 838 

was given both head curvature and SAAV activity (dark gray) was significantly more 839 

accurate in its decoding than the RNN only given head curvature (light gray). p = 0.0466, 840 

empirical p-value that decoding accuracies are different, based on bootstrapping (see 841 

Methods). Dashed line at 0.5 shows a chance prediction. We additionally evaluated a 842 

control RNN trained on head curvature and SAAV activity where the dorsal and ventral 843 

turn labels were randomly shuffled; this network performed no better than chance.  844 

E) Neuron activity during head swings where the animal was moving forwards onto the 845 

octanol gradient. Neural activity during these head swings was compared to activity 846 

during similar spontaneous head swings on baseline agar. This panel considers only 847 

octanol approaches where the animal encountered octanol on their dorsal side, defined by 848 

the direction of the first head swing that the animal makes when they encounter the 849 

octanol boundary (see diagram on the left). Neuron activity is aligned to the head swings, 850 

as described in Fig. 2A legend. Statistics compare average neuron activity during ventral 851 

octanol approach versus spontaneous movement. ****p<.0001, Wilcoxon’s Rank Sum 852 

Test with Bonferroni Correction, data are mean ± 95% CI.  853 

F) Same as (E), but comparing activity when the animal approaches octanol on its ventral 854 

side to spontaneous movement. Activity is aligned to the head swings, as described in 855 

Fig. 2A legend. Data are mean ± 95% CI. 856 

G) Connectivity among the neurons in the head steering circuit (data from24). Neurons are 857 

sequentially active during the pattern of forward, reverse, turn (from left to right), with 858 

each cell encoding different aspects of current or upcoming turn properties (shown in 859 

(A)-(D)). The number of electrical or chemical connections corresponds to the thickness 860 

of the line.  861 
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Figure 3. Head steering circuit neurons causally affect spontaneous and odor-guided 862 

reorientations  863 

 864 

A-C) Behavioral effects during optogenetic inhibition of the SMBs, SAAs, or SMDs. Cell  865 

specific promoters were used to express the optogenetic silencing channel GtACR2 in 866 

each cell class. SMB is flp-12(short fragment)::GtACR2-sl2-GFP; SAA is intersection of 867 

lad-2::cre + unc-42::inv(GtACR2-sl2-GFP); SMD is intersection of lad-2::cre + fkh-868 

10::inv(GtACR2-sl2-GFP). Promoter specificity was validated by GFP co-expression. 869 

From left to right, the panels for each neuron show: the fraction of animals reversing 870 

across time, with the central blue shading showing optogenetic inhibition through blue 871 

light. Reversal length and post reversal turn angle during the optogenetic stimulus were 872 

also quantified. n = 14-18 recorded plates of 20-100 animals, 6 optogenetic stimulations 873 

per recording (only the first stimulation is shown for the fraction reversing plots, although 874 

all stimulations in a single recording are combined for statistics). ****p<.0001, 875 

Wilcoxon’s Rank Sum Test with Bonferroni Correction, comparing fraction animals 876 

reversing or reversal variables per recording plate with and without the essential opsin 877 

co-factor all-trans-retinal (ATR). For all plots, data are mean ± 95% CI.  878 

D) Fraction reorientations in the correct dorsal/ventral direction during butanone chemotaxis 879 

for SAA genetically ablated vs wild type animals (left), and SMD silenced vs wild type 880 

animals (right). SAA genetic ablation is intersection promoter consisting of lad-2::ced-881 

3(p15) + unc-45::ced-3(p17). The two ced-3 subunits combine to form a functional 882 

caspase, leading to the cell death of SAA only29,62. SMD silencing is intersectional 883 

promoter consisting of lad-2::cre + fkh-10::inv(unc-103[gof]). Cell-specific strains were 884 

run on separate days, so each has their own wild type control. n = 13-18 recording plates. 885 

****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction. Black dots show 886 

data mean.  887 

E) Bearing to odor at pirouette end during butanone chemotaxis for SAA genetically ablated 888 

(left) or SMD silenced (right) vs wild type animals. n = 13-18 recording plates. 889 

****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction. Data shows mean 890 

± SEM. 891 
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Figure 4. Forward-active neurons exhibit varied dynamics and behavioral roles  892 

 893 

A-C) Z-scored neuron activity aligned to times when animals switch from reverse to forward  894 

movement. Dashed black line shows forward run start, red shading is during the reversal. 895 

n = 175-762 runs (n values on the plot show the number of recordings with data for that 896 

neuron). Data are mean ± 95% CI. 897 

D) Neuron activity across entire forward runs. Data are from runs that were 10-20 seconds 898 

(~40% of total runs in all animals); z-scored neuron activity during the run was uniformly 899 

compressed or expanded to align to a standard 15 second run. This allows comparison of 900 

neuron dynamics during transition from forward to reverse and vice versa. Dashed black 901 

lines show run start and end; red shading is during reversals. n = 54-272 runs (n values on 902 

the plot show the number of recordings with data for that neuron).  Data are mean ± 95% 903 

CI. Values on the right show fraction of datasets where each neuron significantly encoded 904 

forward movement (left column) or forward run speed (right). Encoding of forward 905 

movement indicates generally higher activity during forward movement; encoding of run 906 

speed indicates higher activity specifically during higher forward speeds within forward 907 

movement. Encoding of these features was determined using the statistical modeling 908 

approach in29. 909 

E) AUA, OLL, RIB, and RME(L/R) activity across different run lengths. Data are from runs 910 

of the indicated lengths; activity is uniformly compressed or expanded to align to a 911 

uniform 15, 25, or 35 second run as indicated, similar to panel (D). n = 34-272 runs. Data 912 

are mean ± 95% CI. 913 

F-G) Fraction of animals reversing over time during single neuron optogenetic activation of  914 

AUA or RME. AUA is intersection of ceh-6::cre + flp-8::inv(CoChR-sl2-GFP); RME is 915 

intersection of vap-1::cre + unc-25::inv(CoChR-sl2-GFP). Promoter specificity was 916 

validated by GFP co-expression. Blues bar shows optogenetic activation through the blue 917 

light responsive depolarizing CoChR channel. n = 9-15 recorded plates, 7 stimulations 918 

per recording (only the first stimulation is shown here). ****p<.0001, Wilcoxon’s Rank 919 

Sum Test with Bonferroni Correction, comparing fraction animals reversing per 920 

recording plate with and without ATR within genotype. Data are mean ± 95% CI. 921 

H) Bearing at pirouette end during butanone chemotaxis in SIA::GtACR2 animals. SIA is  922 

intersection of ceh-17::cre + pdf-1::inv(GtACR2-sl2-GFP), and GTACR2 is an 923 

optogenetic silencing channel. Promoter specificity was validated by GFP co-expression. 924 

n = 15 recorded plates in each condition, 6 stimulations per recording, only pirouettes that 925 

end during the optogenetic stimulus were included in this analysis. ****p<.0001, 926 

Wilcoxon’s Rank Sum Test. Data show mean ± SEM. 927 
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Figure 5. RIM tyramine is required for sensory-guided reorientations during olfactory 928 

navigation  929 

 930 

A) Chemotaxis of wild type and tdc-1(n3419) animals to the attractive odors butanone and 931 

diacetyl and the aversive odors nonanone and octanol. Chemotaxis index is calculated as 932 

(# animals at odor - # animals at ethanol control) / (total # of animals). n = 28-31 plates 933 

over 3+ days with 50-200 animals per plate. ****p<.0001, Mann Whitney U Test with 934 

Bonferroni Correction. Data show mean ± SEM, each dot shows one plate. 935 

B) Connectivity between the canonical reverse-promoting neurons (upper neurons) and the 936 

head steering circuit (lower). Data from24.  937 

C) Fraction of synapses between each of the reverse-promoting neurons and any of the head 938 

steering circuit neurons (defined as the five head steering neurons shown in panel (B)), 939 

showing both outputs and inputs to each reverse-promoting neuron. Note that RIM has 940 

the highest fraction of its input and output synapses onto the head steering circuit. 941 

Electrical synapses were counted as both inputs and outputs. Data from24.  942 

D) Chemotaxis of wild type and tbh-1(n3722) animals to the attractive odors butanone and 943 

diacetyl and the aversive odors nonanone and octanol. n = 10-19 plates over 3+ days with 944 

50-200 animals per plate. ****p<.0001, Mann Whitney U Test with Bonferroni 945 

Correction. Data show mean ± SEM. 946 

E) Chemotaxis of wild type and RIM silenced animals. RIM silencing is RIM::unc-103(gof), 947 

more specifically the intersection of tdc-1::cre + glr-1::inv(unc-103[gof]). Expressing 948 

the leaky potassium channel unc-103(gof) silences the neuron. n = 15-23 plates over 3+ 949 

days with 50-200 animals per plate. ****p<.0001, Mann Whitney U Test with Bonferroni 950 

Correction. Data show mean ± SEM. 951 

F) CRISPR/Cas9 editing of the endogenous genome at tdc-1 was used to make an inactive 952 

tdc-1 allele where Cre expression re-activates the gene. This endogenous editing inverts 953 

the gene between exons 6 through 10. The inversion is flanked with dual loxP sites, and 954 

an inverted t2a-GFP is added at the end of the gene (immediately before the native stop 955 

codon in exon 10) to visualize expression when reversion occurs. Cell-specific Cre 956 

expression results in a conditional rescue of tdc-1 in the cell(s) of interest. 957 

G) Chemotaxis of wild type animals, tdc-1 mutants with CRISPR inversion, and conditional 958 

rescues in RIM through eat-4::cre expression or RIC through tbh-1::cre expression. n = 959 

22-31 plates over 3+ days with 50-200 animals per plate. ****p<.0001, Mann Whitney U 960 

Test with Bonferroni Correction.  961 

H) Weathervaning behavior of wild type and tdc-1(n3419) animals, comparing the curving 962 

rate of forward movement with the animal’s direction to the odor (ϴ). The characteristic 963 

sine wave shape of the curves indicates intact weathervaning behavior. Data show mean 964 

± 95% CI. 965 

I) Average bearing to odor over time of wild type and tdc-1(n3419) animals during 966 

butanone chemotaxis. This plot shows animals’ bearing to odor in an event-triggered 967 

average, aligned to reorientations (dashed line). ****p<.0001, Wilcoxon’s Rank Sum 968 

Test comparing the pre-reversal slopes of bearing over time. n = 16-18 recordings. Data 969 

are mean ± 95% CI. 970 
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J) Bearing to odor at the ends of pirouettes. Pirouettes are when the animals execute 971 

multiple consecutive reorientations separated by <13 sec (see Methods); a visualization 972 

of a pirouette can be seen in Fig. S1J. ****p<.0001, Wilcoxon’s Rank Sum Test with 973 

Bonferroni Correction. n = 16-18 recordings. Data are mean ± SEM. 974 

K) Change in direction (∆ϴ) executed by animals that start with a small (left, purple) or 975 

large (right, green) angle direction to the odor (ϴ), normalized to no odor controls of the 976 

same genotype. Note that tdc-1 animals are different from WT on both small and large 977 

reorientations; also note that the tdc-1 curves for the left and right panels have the same 978 

shape, indicating a lack of modulation of turn amplitude based on gradient information. 979 

****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction. n = 16-18 980 

recordings. Data show mean ± 95% CI.  981 

L) Fraction of reorientations that turn the animal in the correct dorsal or ventral direction, 982 

comparing tdc-1(n3419) (left) and tdc-1(n3420) (right) to same genotype no-odor 983 

recording controls. ****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni 984 

Correction. n = 16-18 recording plates. Black dots show data mean.  985 

M) Bearing at the ends of pirouettes, separated by if the animal was facing away from the 986 

odor or towards the odor when the reorientation at the end of the pirouette began. Note 987 

that tdc-1 mutants show a deficit in selecting the correct turn direction (compared to WT) 988 

even when their heading error in the gradient is small (ϴ = 0-45 degrees). ****p<.0001, 989 

Wilcoxon’s Rank Sum Test with Bonferroni Correction. n = 16-18 recordings. Data are 990 

mean ± SEM.  991 
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Figure 6. RIM tyramine influences reorientations through multiple parallel pathways 992 

 993 

A) RIM activity (z-scored) over time for a single example animal. Red shading indicates 994 

reversals.  995 

B) Average RIM activity aligned to reversal starts (dashed line, reversal is shaded red), split 996 

by long reversals >9 seconds and shorter reversals <9 sec. ****p<.0001, Wilcoxon’s 997 

Rank Sum Test with Bonferroni Correction, comparing activity in short versus long 998 

reversals, both before and after reversal start. n = 738 reversals (n value on the plot show 999 

the number of recordings with data for RIM). Data show mean ± 95% CI. 1000 

C) Average RIM activity aligned to reversal starts (dashed line, reversal is shaded red), 1001 

separating fast reversals >0.06 mm/s and slower <0.06 mm/s. ****p<.0001, Wilcoxon’s 1002 

Rank Sum Test with Bonferroni Correction, comparing activity in fast versus slow 1003 

reversals, both before and after reversal start. n = 738 reversals. Data show mean ± 95% 1004 

CI. 1005 

D) Average RIM activity aligned to reversal starts (dashed line, reversal is shaded red), split 1006 

by direction of the post reversal turn, either dorsal or ventral. Reversals in the two 1007 

categories were subsampled to have matched reversal length and speed. ****p<.0001, 1008 

Wilcoxon’s Rank Sum Test with Bonferroni Correction, separately comparing activity 1009 

before and after reversal start. n = 148 dorsal turn and 163 ventral turn reversals. Data 1010 

show mean ± 95% CI. 1011 

E) Average RIM activity aligned to reversal starts (dashed line, reversal is shaded red), split 1012 

by post reversal turn angle. Reversals in the two categories were subsampled to have 1013 

matched reversal length and speed. ****p<.0001, Wilcoxon’s Rank Sum Test with 1014 

Bonferroni Correction, separately comparing activity before and after reversal start. n = 1015 

74 reversals. Data show mean ± 95% CI. 1016 

F) Fraction of animals reversing across time, with the blue bar showing optogenetic 1017 

activation of RIM via the blue light activated CoChR channel. Animals are tdc-1::cre + 1018 

glr-1::inv(CoChR). n = 12-15 recording plates, 10 optogenetic stimulations per recording 1019 

(only the first stimulation is shown here). ****p<.0001, Wilcoxon’s Rank Sum Test, 1020 

comparing fraction animals reversing during stimulation per recording plate, comparing 1021 

with and without ATR. Data are mean ± 95% CI.  1022 

G) Fraction of animals reversing across time, with the blue bar showing optogenetic 1023 

inhibition of RIM via the blue light activated GtACR2 channel. Animals are tdc-1::cre + 1024 

glr-1::inv(GtACR2). n = 11-14 recording plates, 3 optogenetic stimulations per recording 1025 

(only the first stimulation is shown here). ****p<.0001, Wilcoxon’s Rank Sum Test, 1026 

comparing animals reversing during stimulation per recording plate, comparing with and 1027 

without ATR. Data are mean ± 95% CI.  1028 

H) Reversal speed for wild type animals and animals lacking each of the five known 1029 

tyramine receptors. Animals were off food without odor. n = 10 recording plates per 1030 

genotype. ****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction, 1031 

comparing each mutant to wild type. Data are mean ± 95% CI.  1032 

I) Reversal length for wild type animals and animals lacking each of the five known 1033 

tyramine receptors. Animals were off food without odor. n = 10 recording plates per 1034 
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genotype. ****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction, 1035 

comparing each mutant to wild type. Data are mean ± 95% CI.  1036 

J) Chemotaxis of wild type animals and animals lacking each of the five known tyramine 1037 

receptors. n = 14-20 plates over 2+ days with 50-200 animals per plate. ****p<.0001, 1038 

Mann Whitney U Test with Bonferroni Correction. All receptors are shown together for 1039 

butanone, as all mutant genotypes were tested on the same two days against the same 1040 

wild type controls. Separate wild type controls are shown for each strain for nonanone, as 1041 

mutant strains were run on non-overlapping days, and separate wild type controls are run 1042 

for each day. (For example, tyra-2 and tyra-3 were run on the same days so they have the 1043 

same wild type control, but a separate wild type control is shown for lgc-39, as it was 1044 

tested on different days). Data show mean ± SEM. 1045 

K) Chemotaxis of wild type animals and quintuple mutant animals lacking all of the five 1046 

known tyramine receptors. n = 14-21 plates over 3+ days with 50-200 animals per plate. 1047 

****p<.0001, Mann Whitney U Test with Bonferroni Correction. Data show mean ± 1048 

SEM. 1049 

L) Reversal speed for wild type animals and quintuple mutant animals lacking all of the five 1050 

known tyramine receptors. Each genotype is recorded on baseline agar (solid bar) and on 1051 

agar containing 20 mM exogenous tyramine (striped bar), which is known to lead to 1052 

exaggerated reversals79. Animals were off food without odor. n = 16-18 recording plates. 1053 

****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction. Data are mean ± 1054 

95% CI.  1055 

M) Post reversal turn angle for wild type animals and quintuple mutant animals lacking all of 1056 

the five known tyramine receptors. Each genotype is recorded on baseline agar (solid bar) 1057 

and on agar containing 20 mM exogenous tyramine (striped bar), which is known to lead 1058 

to exaggerated reversals79. (We found reversal length was unaffected in wild type animals 1059 

with exogenous tyramine). Animals were off food without odor. n = 16-18 recording 1060 

plates. ****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction. Data are 1061 

mean ± 95% CI.  1062 
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Figure 7. Neurons that direct reorientation behaviors are broadly dysregulated in tdc-1 1063 

mutant animals  1064 

 1065 

A) Comparisons of activity features across neurons in wild type and tdc-1 animals recorded 1066 

via whole brain imaging. Each row is a neuron; neurons with fewer than 4 recordings in 1067 

either genotype were excluded from analyses (these rows are shaded in black). From left 1068 

to right, column variables are: 1069 

• Neuron n in each genotype 1070 

• Overall activity level or dynamic range for that neuron (this is calculated as the 1071 

standard deviation of F/Fmean activity). Higher values show that this neuron’s activity 1072 

changes more during a recording.  1073 

• Forward encoding strength (the slope of this neuron’s tuning to velocity, as defined 1074 

in29). Positive values show a neuron is forward encoding, negative values indicate 1075 

reverse encoding.  1076 

• Dorsal/ventral encoding strength (the slope of this neuron’s tuning to head curvature, 1077 

as defined in29). Positive values show that a neuron is dorsal encoding, negative 1078 

indicates ventral encoding. 1079 

• Median half-decay time or encoding timescale (as in29). Colorbar is on a log scale.  1080 

• Expression level of the five tyramine receptors (data from76). Black indicates that 1081 

receptor expression is not detected.  1082 

Differences in each category between wild type and tdc-1 were determined via 1083 

Wilcoxon’s Rank Sum Test with Bonferroni Correction, * p<.05. 1084 

B) Quantification of behavior in wild type and tdc-1(n3419) animals during whole-brain 1085 

imaging. Animal’s speed, reversal length, and turn angle are all reduced in tdc-1 animals, 1086 

as expected. ****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction. n = 1087 

17-32 recordings. Data show mean ± SEM. 1088 

C) Activity of forward-associated neurons in wild type and tdc-1 animals aligned to forward 1089 

run starts. Dashed black line shows at run start; red shading shows the reversal. n = 275-1090 

762 runs (n values on the plot show the number of recordings per genotype with data for 1091 

that neuron). ****p<.0001, recording plates with Bonferroni Correction comparing 1092 

activity between genotypes during the run (black stars) and reversal (red stars). Data 1093 

show mean ± 95% CI. 1094 

D) Activity of head steering circuit neurons at reversal ends (dashed black line), aligning 1095 

data to a uniform head curvature frequency (gray lines) to preserve head curvature-1096 

associated neuron dynamics, as described in Fig. 2A-B and in Methods. Only reversals 1097 

followed by ventral turns are shown. n = 328-523 reorientations (n values on the plot 1098 

show the number of recordings per genotype with data for that neuron). ****p<.0001, 1099 

Wilcoxon’s Rank Sum Test with Bonferroni Correction, comparing ~5 seconds (one head 1100 

swing) before or after the reversal end. Data are mean ± 95% CI. 1101 

E) Z-scored neuron activity aligned to head curvature during forward or reverse movement. 1102 

As head curvature frequencies vary across time and animals, activity is aligned to the 1103 

crossing from dorsal (positive) to ventral (negative) and vice versa, as in Fig. 2A. Head 1104 

curvature for both genotypes is shown on the right. n = 329-468 time windows of forward 1105 
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movement, n = 82-130 time windows of reverse movement. (n values on the plot show 1106 

the number of recordings per genotype with data for that neuron). Data are mean ± 95% 1107 

CI. 1108 

F) Connectivity of RIM and the head steering network, data from24.  1109 
G) Mock traces of RIM and the neurons of the head steering network across two 1110 

reorientations (shaded in red), showing each neuron’s stereotyped, sequential responses 1111 
across the behavior. These traces are drawn based on actual traces of each of these 1112 

neurons captured simultaneously in the same recording (real traces shown in Fig. S8B). 1113 
To the right, the first column shows the features of animal behavior we have shown affect 1114 
each neuron’s activity. The second column shows the features of behavior that we have 1115 
shown are affected when these neurons are manipulated, either via optogenetics or cell 1116 
silencing/ablation experiments.   1117 
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Supplemental Figure 1, Related to Fig. 1  1118 

A) Visualization of the two main chemotaxis strategies: weathervaning (left) and biased 1119 

random walk (right). Animals weathervane by bending their direction of forward 1120 

movement in a favorable direction, either towards the attractive odor or away from the 1121 

aversive odor38. Animals execute a biased random walk by increasing the likelihood of 1122 

initiating reorientations (red) when they are moving in an unfavorable direction in the 1123 

odor gradient (forward movement shown in blue)19.  1124 

B) Weathervaning behavior in olfactory gradients. To test for the presence of 1125 

weathervaning, we examined the curving rate of forward movement when animals had 1126 

different directions to the odor (ϴ). Curving rate is the change in the animal’s heading 1127 

divided by their change in displacement over 1 second, which can be thought of as a 1128 

measure of how much and which way animals are bending forward runs (see Methods for 1129 

further details). As previously shown38, animals bend runs towards attractive odors 1130 

(butanone, sign of ϴ is the same as the sign of the curving rate). We further saw weaker 1131 

evidence that animals weathervane away from aversive odors (nonanone, sign of the 1132 

curving is the opposite of the sign of ϴ). Data is mean ± 95% CI 1133 

C) Visualization of statistics from Fig. 1B, showing the slopes of fitting a linear fit to each 1134 

recordings’ reversal rate vs bearing to odor plot. ****p<.0001, Wilcoxon’s Rank Sum 1135 

Test with Bonferroni Correction comparing slopes of the reversal rate. n = 16-18 1136 

recording plates with 20-100 animals each. Each dot is one recording.  1137 

D) Fraction of reorientations that turn the animal towards the odor across different regions of 1138 

the plate (distance to odor is indicated below, plates are 10 mm wide). Very few animals 1139 

navigate away from the butanone, which results in the large error bars on the 7.5-10mm 1140 

from odor bin. ****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction. n = 1141 

16-18 recording plates with 20-100 animals each. Each dot is the mean of all recorded 1142 

plates, error bars show ± 95% CI. 1143 

E) For wild type animals, fraction of reorientations that turn the animal in the correct dorsal 1144 

or ventral direction, comparing nonanone to no odor and diacetyl to no odor (with odor 1145 

plates were recorded on different days, so each has their own no odor control). 1146 

****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction. n = 12-18 1147 

recordings. Black dot shows data mean.  1148 

F) Change in direction (∆ϴ) executed by animals that start with a large or small angle to the 1149 

odor (ϴ). As animals naturally tend to execute turns of certain angles, the data is 1150 

normalized to no odor controls for ease of visualization. Note that the “goal” for 1151 

nonanone is the opposite of the goal turn for butanone – animals that begin facing 1152 

towards odor (purple) are best served by executing larger angle turns to turn away from 1153 

the odor, while animals that begin facing away from the odor (green) are best served by 1154 

executing small angle turns. We indeed see such a behavior modulation. ****p<.0001, 1155 

Wilcoxon’s Rank Sum Test with Bonferroni Correction. n = 16-18 recording plates. Data 1156 

show mean ± 95% CI. 1157 

G) Non-normalized version of the data shown in Fig. 1I and S1F. Change in direction (∆ϴ) 1158 

executed by animals that start with a large or small angle initial direction to the odor (ϴ). 1159 

We chose to normalize the data due to the distinctive V shape shown here both with or 1160 
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without odor. This characteristic shape indicates that, in general, C. elegans are more 1161 

likely to execute small angle reorientations (0-45) or larger angle (90-180), but are less 1162 

likely to do 45-90 degree turns. To emphasize the change in their behavior due to the 1163 

presence of an odor, rather than this natural tendency, we normalized the rate in the 1164 

presence of an odor to the rate of reversals of the same angle (∆ϴ) in no-odor control 1165 

videos recorded in parallel. 1166 

H) Fraction of reorientations that turn the animal in the correct dorsal or ventral direction 1167 

during butanone chemotaxis, split by the type of reorientation. Omega reorientations end 1168 

with a distinctive high angle turn >135 degrees47 and have a characteristic body shape 1169 

(see details in Methods), mid-angle reorientations end with a turn between 40-135 1170 

degrees, and low-angle reversals have a turn of 0-40 degrees. ****p<.0001, Wilcoxon’s 1171 

Rank Sum Test with Bonferroni Correction. n = 17 recording plates. Black dots show 1172 

data mean.  1173 

I) Fraction of reorientations that turn the animal in the correct dorsal or ventral direction 1174 

among low angle reversals, split by reorientation length. Short reversals are less than 0.5 1175 

body lengths. ****p<.0001, Wilcoxon’s Rank Sum Test. n = 17 v. Black dots show data 1176 

mean.  1177 

J) Example animal movement path during chemotaxis showing a single, isolated 1178 

reorientation (blue) and two examples of repeated reorientations that form a pirouette 1179 

(green).  1180 

K) Fraction of animals that reverse in the next 13 seconds depending on their bearing to the 1181 

odor at the end of their previous reversal. Animals that end an individual reversal in an 1182 

unfavorable direction (away from butanone or towards nonanone) are more likely to 1183 

reverse again. ****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction 1184 

comparing slopes of the reversal rate. n = 16-18 recording plates. Data are mean ± 95% 1185 

CI. 1186 

L) Bearing to odor at the end of isolated reorientations, the first reorientation of a pirouette, 1187 

or the last reorientation of a pirouette for animals in a nonanone gradient. Pirouettes are 1188 

defined as clusters of consecutive reorientations separated by less than 13 seconds. 1189 

****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction. n = 16 recording 1190 

plates. Data are mean ± SEM. 1191 

M) Example animal encountering octanol during whole brain calcium imaging, showing that 1192 

the difference between the baseline and octanol agars is identifiable by eye. The agar 1193 

boundary is indicated with a black arrow to the left of the image. Octanol encounters are 1194 

scored by hand.  1195 

N) Fraction of animals that start a reversal in a 10 second interval. “Octanol” specifically 1196 

looks at whether animals start a reversal in the 10 seconds following an octanol 1197 

encounter. “Spontaneous” is from data looking at if animals reverse in a randomly chosen 1198 

10 second interval of spontaneous movement on baseline agar (not octanol). This fraction 1199 

is calculated by looking at the fraction of animals that reverse in a fixed number of 1200 

random intervals, which is chosen based on the number of intervals where the animal was 1201 

on octanol (n = 132). Each dot shows one random sample of data. This process was then 1202 

repeated 500 times to generate the distribution in black. Statistics compare this 1203 
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distribution to the actual fraction of animals reversing on octanol in a one tailed test. The 1204 

octanol value was at the 99th percentile of the dataset. **p<.01 1205 

O) ASH activity as animals encounter the aversive octanol barrier is shown in orange, 1206 

showing increasing aversive sensory drive. Black line shows ASH activity during similar 1207 

epochs of spontaneous forward movement. Gray dashed line shows octanol encounter. 1208 

****p<.0001, Wilcoxon’s Rank Sum Test comparing average activity on octanol and 1209 

during spontaneous movement post octanol encounter, data are mean ± 95% CI. 1210 
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Supplemental Figure 2, Related to Fig. 2  1211 

A) Reorientations are composed of a period of backwards velocity (a reversal), shown in red; 1212 

then a high angle turn as the animal moves forward, shown in purple; then the forward 1213 

run, shown in blue.  1214 

B) Dorsal counterparts of the neurons shown in Fig. 2B, showing neuron activity across 1215 

reorientations. Red shading shows reversal; black dashed line is at reversal end. Z-scored 1216 

activity is aligned to head curvature, data is separated into reversals with dorsal vs ventral 1217 

post reversal turns. Further alignment description found in Fig. 2B and Methods. n = 115-1218 

140 dorsal turn and 415-524 ventral turn reversals. ****p<.0001, Wilcoxson’s Rank Sum 1219 

Test with Bonferroni Correction, comparing activity 5 seconds (one head swing) before 1220 

or after the reversal end. Data are mean ± 95% CI. 1221 

C) Average SAAV activity aligned to reversal ends during long and short reorientations with 1222 

ventral post reversal turns. Red shading shows reversal; black dashed line is at reversal 1223 

end. Z-scored activity is aligned to head curvature. Data is split by reversal length. SAAV 1224 

activity is higher in longer reversals (>9 seconds), reflecting that it ramped to a higher 1225 

activity level during these longer reversals. n = 462 reversals. ****p<.0001, Wilcoxon’s 1226 

Rank Sum Test, comparing 5 seconds (one head swing) before or after the reversal end. 1227 

Data are mean ± 95% CI. 1228 

D) Approach used for decoding of upcoming turn direction. Aligned head curvature and 1229 

SAAV activity (as in Fig. 2B) was taken from all reversals 12 frames or longer (1.5 head 1230 

swings). Time segments of activity and behavior of length 4 (i.e. 4 frames, which is 2.4 1231 

seconds) were then extracted from these reversals. These segments were then used to 1232 

validate, train, and test Recurrent Neural Networks (RNNs) with five-fold cross 1233 

validation (more information can be found in Methods) to predict the upcoming post-1234 

reversal turn direction. We then compared the decoding accuracy of an RNN trained on 1235 

behavior and SAAV activity to one trained on behavior alone. See Methods for additional 1236 

details. 1237 

E) Order in which each neuron reaches its peak activity across all recordings with these five 1238 

neuron classes captured (SAAV, RMDV, SMDV, RIV, and SMBV). To determine the 1239 

activity order, the time at which each neuron’s activity is highest during the transition 1240 

between reversal to turn to forward was quantified (here, we examined all neuron activity 1241 

from 1.8 seconds before the reversal end to 7.2 seconds after the reversal end). Based on 1242 

these times, the order in which the neurons were most active in that reorientation was 1243 

assigned (first, second, etc). n = 190 reorientations.  1244 

F) Example dataset with joint activity recordings of single SAAV, RMDV, SMDV, RIV, 1245 

and SMBV neurons over two reorientations. Red shading shows reversals, Gray lines 1246 

show when head curvature crosses from dorsal to ventral (positive to negative). Head 1247 

curvature for the same animal is quantified on the bottom.  1248 

G) The connectivity of the head steering neurons, as in Fig. 2G, here annotated with the 1249 

behavioral and sensory features that influence each neuron’s activity.  1250 
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Supplemental Figure 3, Related to Fig. 3 1251 
A-C) Behavioral effects of optogenetically activating the SMBs, SAAs, or SMDs. Cell  1252 

specific promoters were used to express the excitatory optogenetic CoChR channel in 1253 

each cell class. SMB is flp-12(short fragment)::CoChR-sl2-GFP; SAA is intersectional 1254 

promoter with lad-2::cre + unc-42::inv(CoChR-sl2-GFP); SMD is intersectional 1255 

promoter with lad-2::cre + fkh-10::inv(CoChR-sl2-GFP). Cell specificity was validated 1256 

using co-expressed GFP. From left to right for each neuron: fraction of animals reversing 1257 

across time, with the blue bar showing 20 second optogenetic activation via blue light. 1258 

Reversal length and post reversal turn angle during the stimulus were also quantified. n = 1259 

13-14 recording plates, 7 optogenetic stimulations per recording. ****p<.0001, 1260 

Wilcoxon’s Rank Sum Test with Bonferroni Correction, calculating the plate average of 1261 

the fraction animals reversing or reversal variables during the stimulation, comparing 1262 

these averages with and without ATR within genotype. For all plots, data are mean ± 1263 

95% CI.  1264 

D) Behavioral effects of optogenetically inhibiting both the SMDs and SAAs (as well as 1265 

SDQ, PLN, ALN, expression based on62). Animals express lad-2::GtACR2. Graph shows 1266 

fraction of animals reversing across time, with the blue bar showing 60 second 1267 

optogenetic inhibition via blue light. n = 13-14 recording plates, 6 optogenetic 1268 

stimulations per recording. ****p<.0001, Wilcoxon’s Rank Sum Test, comparing 1269 

fraction animals reversing per recording plate with and without ATR within genotype. 1270 

Data are mean ± 95% CI. 1271 

E) Fraction animals making the correct dorsal versus ventral turn in a butanone gradient in 1272 

lad-2::GtACR2 animals. lad-2 is expressed in SAA, SMD, and three other neurons62. 1273 

Only reversals that end during the optogenetic inhibition were included in this analysis. 1274 

Each dot is one plate with 20-100 animals. ****p<.0001, Wilcoxon’s Rank Sum Test. n 1275 

= 13-14 recordings, each dot shows average value from all reversals that end during any 1276 

of the six stimulations in a recording. 1277 

F) Bearing at the ends of pirouettes during butanone chemotaxis in lad-2::GtACR2 animals. 1278 

Only pirouettes that end during the optogenetic inhibition were included in this analysis. 1279 

****p<.0001, Wilcoxon’s Rank Sum Test comparing mean bearing to odor per stimulus 1280 

with and without ATR. n = 13-14 recordings. Data are mean ± SEM. 1281 

G) Fraction reorientations in the correct dorsal/ventral direction during butanone chemotaxis 1282 

for lim-4 mutant vs wild type animals. lim-4(ky403) animals are cell fate mutants that 1283 

results in a cell fate change for the SMB neurons, among other cells63, and morphological 1284 

deficits in the SAA neurons71. In these animals, an aversive sensory neuron, AWB, takes 1285 

on the cell fate of the butanone-sensing sensory neuron AWC71. Therefore, we used the 1286 

odor diacetyl, which is sensed by the sensory neuron AWA15, to test these animals’ 1287 

behavior, as past work has shown that lim-4 mutants can respond to diacetyl71. Wild type 1288 

data here are also shown in Fig. S1E. n = 12-14 recording plates. ****p<.0001, 1289 

Wilcoxon’s Rank Sum Test. Black dots show data mean. 1290 

H) Bearing to odor at pirouette ends during butanone chemotaxis for SAA genetic ablation 1291 

vs wild type animals. n = 12-14 recording plates. ****p<.0001, Wilcoxon’s Rank Sum 1292 

Test. Data shows mean ± SEM. 1293 
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I) Summary of each cell’s functional role, as determined by optogenetic and cell silencing 1294 

experiments shown in Fig. 3 and S3.  1295 
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Supplemental Figure 4, Related to Fig. 4 1296 

A) Fraction reversing (left) and forward speed (right) during optogenetic activation of SIA. n 1297 

= 14-15 recordings, 7 optogenetic stimulations per recording. ****p<.0001, Wilcoxon’s 1298 

Rank Sum Test, comparing average reversal rate or speed with and without ATR. Data 1299 

are mean ± 95% CI.  1300 

B-D) Effects on reversal length and speed during optogenetic activation of SIA, AUA, or  1301 

RME using the blue light activated CoChR opsin. n = 9-15 recording plates. Wilcoxon’s 1302 

Rank Sum Test with Bonferroni Correction, comparing average behavior values during 1303 

stimulation for each recording (none of these comparisons are significant). Data are mean 1304 

± 95% CI. 1305 

E) SIAV and RIB activity as animals encounter the aversive octanol barrier is shown in 1306 

orange. The gray line shows this neuron’s activity during similar length epochs of 1307 

spontaneous forward movement, to control for how these cell’s activity change with the 1308 

animal’s locomotion (for example, consider Fig. 4A). The vertical gray dashed line 1309 

shows the moment of octanol encounter. *p<.05, Wilcoxon’s Rank Sum Test with 1310 

Bonferroni Correction comparing average activity on octanol and during spontaneous 1311 

movement, data are mean ± 95% CI. 1312 

F) Forward speed during optogenetic inhibition of SIA. n = 15 recording plates per 1313 

condition, 6 optogenetic stimulations per recording. ****p<.0001, Wilcoxon’s Rank Sum 1314 

Test, comparing average speed with and without ATR. Data are mean ± 95% CI.  1315 

G) Percent of animals reversing during optogenetic inhibition of SIA. n = 15 recording plates 1316 

per condition, 6 optogenetic stimulations per recording. *p<.05, Wilcoxon’s Rank Sum 1317 

Test, comparing reversal rate with or without ATR. Data are mean ± 95% CI.  1318 

H) From left to right, effects on reversal length, speed, and post reversal turn angle during 1319 

optogenetic inhibition of SIA. n = 15 recording plates per condition. ****p<.0001, 1320 

Wilcoxon’s Rank Sum Test with Bonferroni Correction, comparing average values 1321 

during stimulation for each recording. Data are mean ± 95% CI.  1322 
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Supplemental Figure 5, Related to Fig. 5 1323 

A) Chemotaxis screen, examining responses to the attractive odor butanone (shown in pink) 1324 

and the aversive odor nonanone (shown in blue). Chemotaxis indices are normalized to 1325 

wild type controls run on the same day (that is, the average wild type chemotaxis index 1326 

for that odor from that day is subtracted from the chemotaxis index from each mutant 1327 

plate run the same day). Therefore, if mutant strains have a chemotaxis deficit compared 1328 

to wild type animals, their normalized chemotaxis index will positive for nonanone, and 1329 

it will be negative for butanone. In the x-axis labels, neuron silencing lines are in capital 1330 

letters, and endogenous mutations are in italics. Alleles and strains used are listed in the 1331 

Key Resources Table. Strains where the difference between mutant and wild type 1332 

chemotaxis is > 0.25 are in bold. n = 3-21 plates over 1+ days with 50-200 animals per 1333 

plate. Note that not every mutant was tested to both odors. 1334 

B) Chemotaxis of wild type and RIC silenced animals (tbh-1::TeTx) as well as separate wild 1335 

type controls and two other alleles of tdc-1 (n3420 and n3421) to the attractive odors 1336 

butanone and diacetyl and the aversive odors nonanone and octanol. Chemotaxis index is 1337 

calculated as (# animals at odor - # animals at ethanol (control)) / (total # of animals). n = 1338 

14-31 plates over 3+ days with 50-200 animals per plate. ****p<.0001, Mann Whitney U 1339 

Test with Bonferroni Correction.  1340 

C) Average bearing to odor aligned to reorientation start times, during butanone or nonanone 1341 

chemotaxis. The dashed line shows reversal start and end. **p<.01, Wilcoxon’s Rank 1342 

Sum Test with Bonferroni Correction comparing the pre-reversal slopes of bearing over 1343 

time. n = 16-18 recording plates. Data are mean ± 95% CI. 1344 

D) Relationship between bearing to odor and reorientation rates in WT and tdc-1 animals. As 1345 

in Fig. S1C, this was quantified as the slope of the reversal start vs bearing to odor plot 1346 

for each recording. In this case, because tdc-1 animals are less likely to reverse, we 1347 

wanted to perform a control analysis to examine how a reduced reversal rate would 1348 

impact these results. Therefore, we randomly removed reversals from wild type data so 1349 

that they reversed at the same rate as the comparison tdc-1 genotype (shown in black). 1350 

Each dot is a single recording. n = 16-18 recording plates. ****p<.0001, Wilcoxon’s 1351 

Rank Sum Test with Bonferroni Correction.  1352 

E) Bearing to odor at the ends of pirouettes during butanone or nonanone chemotaxis. 1353 

****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni correction. n = 16-18 1354 

recording plates. Data are mean ± SEM. 1355 

F) Change in direction (∆ϴ) executed by wild type or tdc-1(n3420) animals that start with a 1356 

small (left, purple) or large (right, green) angle direction to the odor (ϴ), normalized to 1357 

no odor controls. Note that tdc-1 (blue) does not modulate its turn amplitudes as much as 1358 

WT animals do. ***p<.001, Wilcoxon’s Rank Sum Test with Bonferroni Correction. n = 1359 

16-18 recording plates. Data show mean ± 95% CI. 1360 

G) Fraction of reorientations that turn the animal in the correct dorsal or ventral direction, 1361 

comparing wild type, tdc-1(n3419), and tdc-1(n3420). Note that although wild type 1362 

animals and tdc-1 animals are not significantly different, tdc-1 animals do not show a 1363 

difference in the fraction of correct turns when comparing their own spontaneous and 1364 

nonanone reorientations (see Fig. 5L). Each dot is one plate with 20-100 animals. *p<.05, 1365 
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Wilcoxon’s Rank Sum Test with Bonferroni Correction. n = 16-18 recordings. Black dots 1366 

show data mean.  1367 

H) Reversals are shorter and smaller angle in AIB silenced animals. AIB silencing is inx-1368 

1::unc-103(gof). Upper graph compares the absolute value of post-reversal turn angle in 1369 

wild type and AIB silenced animals, lower compares reversal length. ***p<.001, 1370 

Wilcoxon’s Rank Sum Test with Bonferroni Correction. n = 12-13 recording plates. Data 1371 

show mean ± 95% CI. 1372 

I) Fraction of reorientations that turn the animal in the correct dorsal or ventral direction, 1373 

comparing AIB silencing (inx-1::unc-103[gof]) animals in a butanone gradient to no odor 1374 

movement of the same genotype. *p<.05, Wilcoxon’s Rank Sum Test. n = 12-15 1375 

recording plates. Black dots show data mean.  1376 

J) Change in direction (∆ϴ) executed by wild type or AIB silencing (inx-1::unc-103[gof]) 1377 

animals that start with a small (left, purple) or large (right, green) angle direction to the 1378 

odor (ϴ), normalized to no odor controls. n.s,. p>0.05, Wilcoxon’s Rank Sum Test with 1379 

Bonferroni Correction. n = 12-15 recording plates. Data show mean ± 95% CI.  1380 
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Supplemental Figure 6, Related to Figure 6  1381 

A) RIM activity is unaffected when animals move forward on to octanol. Dashed gray line 1382 

shows octanol encounter. Spontaneous forward movement epochs are sampled to be a 1383 

similar length of forward movement as octanol encounters, to allow a comparison of RIM 1384 

activity during spontaneous forward movement versus forward movement onto octanol. 1385 

Wilcoxon’s Rank Sum Test compares spontaneous and octanol activity (comparison is 1386 

not significant). Data are mean ± 95% CI.  1387 

B) Reversal neuron activity during octanol-triggered reversals (defined as any reversals that 1388 

begin with the animal’s head on octanol). Dashed line shows reversal start, red shading 1389 

shows the reversal. Data are mean ± 95% CI. 1390 

C) Reversal length and speed during optogenetic RIM activation or during spontaneous 1391 

reversals on no-ATR plates. n = 12-15 recording plates. Wilcoxon’s Rank Sum Test with 1392 

Bonferroni Correction (comparison is not significant). Data are mean ± 95% CI.  1393 

D) Reversal length and speed during optogenetic RIM inhibition or during spontaneous 1394 

reversals on no-ATR plates. n = 11-14 recording plates. ***p<.001, Wilcoxon’s Rank 1395 

Sum Test with Bonferroni Correction. Data are mean ± 95% CI.  1396 

E) Reversal speed, length, and post reversal turn angle for wild type and tdc-1(n3419) 1397 

animals. Animals are off food without odor. n = 18 recordings per genotype. 1398 

****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni Correction. Data are mean ± 1399 

95% CI.  1400 

F) Post reversal turn angle for wild type animals and animals lacking each of the five known 1401 

tyramine receptors. Animals were off food without odor. n = 10 recording plates per 1402 

genotype. ***p<.001, Wilcoxon’s Rank Sum Test with Bonferroni Correction comparing 1403 

mutant turn angles to wild type. Data are mean ± 95% CI.  1404 
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Supplemental Figure 7, Related to Figure 7 1405 

A) Tyramine receptor expression is enriched in neurons that have significantly different 1406 

encoding of behavior in tdc-1 animals compared to wild type animals. Gene expression 1407 

data is from76, significant changes in encoding are shown and described in Fig. 7A. To 1408 

compare tyramine receptor expression across receptors and neurons, expression for each 1409 

neuron was normalized to the maximum Transcripts per Million (TPM) reported in any 1410 

single neuron for that receptor, resulting in values ranging from 0 (no expression) to 1 1411 

(maximum relative expression). For example, ser-2 is expressed most highly in OLL, at a 1412 

TPM of 1104. The neuron NSM expresses ser-2 at expresses 170 TPM, so NSM ser-2 1413 

expression is normalized to a value of 0.15. We then compared the sum of expression 1414 

across all tyramine receptors for all neurons that had altered encoding of behavior in tdc-1 1415 

animals (as reported in Fig. 7A). The green vertical line shows the sum of the normalized 1416 

tyramine receptor expression for these 9 neurons. The gray distribution shows the 1417 

distribution of normalized tyramine receptor expression for 500 randomly drawn sets of 9 1418 

neurons. This analysis reveals that neurons that show changes in behavior encodings in 1419 

tdc-1 animals are significantly more likely to express tyramine receptors than randomly 1420 

selected neurons, as the real data is at the 99th percentile of the randomly drawn 1421 

distribution.  1422 

B) Average activity of reverse-promoting neurons in all data for wild type and tdc-1 animals, 1423 

shown aligned to reorientation starts. Dashed black line shows reversal start; red shading 1424 

shows the reversal. n = 570-762 reversals. n values on the plot show the number of 1425 

recordings per genotype with data for a specific neuron. ****p<.0001, Wilcoxon’s Rank 1426 

Sum Test with Bonferroni Correction comparing activity between genotypes both during 1427 

the run (black stars) and reversal (red stars). Data show mean ± 95% CI. 1428 

C) Average activity of forward-promoting neurons in all data from wild type and tdc-1 1429 

animals, shown aligned to forward run starts. Dashed black line shows run start; red 1430 

shading shows the reversal. n = 218-719 runs. ****p<.0001, Wilcoxon’s Rank Sum Test 1431 

with Bonferroni Correction comparing activity between genotypes both during the run 1432 

(black stars) and reversal (red stars). Data show mean ± 95% CI. 1433 

D) Z-scored RMDD activity aligned to head curvature (as in Fig. 2A) during forward (blue) 1434 

or reverse movement (red). Left shows wild type data, right shows tdc-1. n = 112-447 time 1435 

intervals of data during either forward or reverse movement. Data are mean ± 95% CI. 1436 

As tdc-1 animals’ behavior differs from wild type, and as we know behavior can affect neuron 1437 

activity (for example, consider how SMDV activity scales with turn angle in Fig. 2C), we wanted 1438 

to compare neuron activity in wild type versus tdc-1 animals during similar behaviors. This 1439 

could allow us to determine whether the relationship between activity and behavior was 1440 

disrupted in tdc-1 mutants per se. Therefore, Fig. S7E-I show neuron activity in tdc-1 and wild 1441 

type animals during matched behaviors only. This was achieved by taking a subset of the data 1442 

from either wild type or both wild type and tdc-1 (indicated in each figure legend) and ensuring 1443 

that the underlying behaviors were matched for relevant metrics as follows: reversal length, 1444 

reversal speed, turn angle, or forward run speed. Different variables are controlled for different 1445 

neurons – the exact variables controlled are determined based on neurons’ activities in wild type 1446 

animals and are specified in the legend and the figure. (For example, SAAV activity changes 1447 
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based on reversal length in WT animals, so reversal length is matched for WT and tdc-1 animals 1448 

when looking at SAAV activity here.) 1449 

E) Average activity of reverse-promoting neurons, aligned to reorientation starts, in reversal 1450 

matched wild type and tdc-1 animals. Wild type data is limited to activity during reversals 1451 

with a similar length and speed to tdc-1 reversals. Dashed black line shows reversal start; 1452 

red shading shows the reversal. n = 136-641 reversals. ****p<.0001, Wilcoxon’s Rank 1453 

Sum Test with Bonferroni Correction comparing activity between genotypes both during 1454 

the run (black stars) and reversal (red stars). Data show mean ± 95% CI. 1455 

F) Activity of forward-promoting neurons, aligned to forward run starts, in matched wild 1456 

type and tdc-1 animals. Wild type and tdc-1 data are limited to neuron activity during 1457 

forward runs with similar speeds. Dashed black line shows run start; red shading shows 1458 

the reversal. n = 77-441 runs. ****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni 1459 

Correction comparing activity between genotypes both during the run and reversal. Data 1460 

show mean ± 95% CI. 1461 

G) Z-scored neuron activity in neurons of the head steering circuit at reversal endings (dashed 1462 

black line), after which animals make a turn and resume forward movement. Neural data 1463 

were aligned to a uniform head curvature frequency to preserve head curvature-associated 1464 

neuron dynamics (see Fig. 2A and 2B legends). Only reversals followed by ventral turns 1465 

are shown. Wild type data is limited to reversals of a similar length (SAAV, RMDV) or 1466 

similar turn angle (SMBV, SMDV, RIV) to tdc-1 animals. Matching metrics were chosen 1467 

based on how these neurons respond to these behavior metrics in wild type animals.  n = 1468 

176-373 reorientations. ****p<.0001, Wilcoxon’s Rank Sum Test with Bonferroni 1469 

Correction, comparing one head swing before or after the reversal end. Data are mean ± 1470 

95% CI. 1471 

H) Activity of forward-associated neurons, aligned to forward run starts, in matched wild 1472 

type and tdc-1 animals. Wild type and tdc-1 data are limited to forward runs with a similar 1473 

speed. Dashed black line shows run start; red shading shows the reversal. n = 75-513 runs. 1474 

****p<.0001, t-test with Bonferroni Correction comparing activity between genotypes 1475 

both during the run and reversal. Data show mean ± 95% CI. 1476 

I) Z-scored neuron activity aligned to head curvature during forward (left panel) or reverse 1477 

movement (right, shaded red). Neural activity was aligned to head curvature as in Fig. 2A. 1478 

As tdc-1 animals have lower amplitude head curvature (see Fig. 7E), wild type data here is 1479 

limited to timepoints with similar amplitude head swings to tdc-1 animals. This criterion 1480 

resulted in very little wild type data during reversals, hence the large Confidence Intervals.  1481 

n = 13-411 time windows (each of two head swings). Data are mean ± 95% CI.  1482 
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Supplemental Figure 8, Related to Figure 7 
A) Calcium traces of RIM and the neurons of the head steering network in an individual tdc-

1 animal across three reversals (shaded in red). Gray vertical lines show head curvature 
crossings from dorsal to ventral. These traces can be compared to the same neurons in a 
single wild type animal (B). Similar to when data is pooled across animals (Fig. 7D-E, 
S7G,I), responses in SMDV and RIV are largely unaffected in tdc-1 animals compared to 
wild type, while SAAV, RMDV, and SMBV activity are dysregulated in a tdc-1 
background.     

B) Calcium traces of RIM and the neurons of the head steering network in a wild type 
animal across two reversals (shaded in red), showing each neuron’s stereotyped, 
sequential responses across each reorientation. Gray vertical lines show head curvature 
crossings from dorsal to ventral. The left plot shows real traces of each of the neurons, 
which were recorded simultaneously in the same animal. The right plot shows stylized 
mock traces for each neuron, which are presented in Fig. 7G as well. Mock traces were 
drawn based on the actual data to the left.   

C) Connectivity of the head steering network, separating out each neuron class into its 
dorsal/ventral subtypes. This presentation reveals several nuances to the network 
connectivity; for example, gap junctions connect adjacent “D” class neurons and adjacent 
“V” class neurons, which could be related to their sequential activation. In addition, 
SAAV projects to SMDD, while SAAD projects to SMDV. This motif could allow the 
more active SAA to perhaps suppress the activity of the opposing SMD at the transition 
between reversals ending and turns beginning. Also of note are the opposing chemical 
synapses from SMBD to SAAV and SMBV to SAAD, which could allow propagation of 
sensory-responsive signals between these cell classes based on directional information 
from the surroundings.    
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Methods 

 

Key Resources Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 

Bacterial and Virus Strains 

E. coli: Strain OP50 Caenorhabditis 

Genetics Center 

OP50 

Chemicals, Peptides, and Recombinant Proteins 

2-Butanone Sigma Aldrich 360473 

2-Nonanone Sigma Aldrich W278505 

1-Octanol Sigma Aldrich 472328 

2,3-Butanedione Sigma Aldrich 11038 

Deposited Data 

Original data and code   https://datadryad.org/stash/share/L7

31GV6Ab6VebP9u4_jPxOkUCbFtk

7tTrbLZrgP4BXU 

Original code  https://github.com/flavell-

lab/SAAV_Decoding 

Experimental Models: Organisms/Strains 

C. elegans: Wild-type Bristol N2 Caenorhabditis 

Genetics Center 

(CGC) 

N2 

C. elegans: lim-4(ky403) CGC CX3937 

C. elegans: ins-1(nr2091) Cho et al. 

(2016)97 

CX7155 

C. elegans: nlp-5(tm2125) Marquina-Solis et 

al. (2024)98 

CX13779 

C. elegans: nlp-8(syb762)  CGC HBR2317 

C. elegans: lgc-46(ok2949) López-Cruz et al. 

(2019)81 

CX12722 

C. elegans: snet-1(pe1063) CGC JN1071 

C. elegans: unc-86(e1416)  CGC CB1416 

C. elegans: cat-1(e1111) CGC CB1111 

C. elegans: lgc-53(n4330)  CGC MT13952 
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C. elegans: nlp-3(ok2688) CGC RB2030 

C. elegans: tdc-1(n3419)  CGC MT13113 

C. elegans: tph-1 (mg280) CGC MT15434 

C. elegans: acr-3(ok2049)  CGC RB1659 

C. elegans: acr-6(ok3117)  This study  SWF748 

C. elegans: flvEx452[inx-1::unc-103::sl2GFP (25 ng/uL)) 

myo-2:::mCherry (5ng/uL)] 

This study  SWF948 

C. elegans: flvEx388[eat-4::nCre (5ng/uL); ser-

2b::inverted(unc-103, GFP) (30ng/uL); myo-2::mCherry 

(5ng/uL)] 

This study SWF825 

C. elegans: zxIs28[pflp-1(trc)::ICE; pmyo-2::mCherry] Oranth et al. 

(2018)99 

ZX966 

C. elegans: bas-1(ad446)  CGC MT7988 

C. elegans: cat-2(n4547)  CGC MT15620 

C. elegans: cat-4(e1141)  CGC CB1141 

C. elegans: ckr-2 (tm3082)  CGC LSC32 

C. elegans: cng-1(jh111)  CGC KJ461 

C. elegans: dmsr-4(sy1545)  CGC PS8860 

C. elegans: dop-2(vs105) CGC LX702 

C. elegans: eat-4(ky5) CGC MT6308 

C. elegans: egl-21(n476) CGC KP2018 

C. elegans: flp-14(gk1055) CGC ZM8969 

C. elegans: gar-1(ok755) López-Cruz et al. 

(2019)81 

CX16983 

C. elegans: gar-2(ok520) López-Cruz et al. 

(2019)81 

CX16986 

C. elegans: gar-3(gk305)  CGC VC657 

C. elegans: ggr-2(lf62)  CGC CX12708 

C. elegans: glr-1(n2461) CGC KP4 

C. elegans: glr-2(tm669) López-Cruz et al. 

(2019)81 

CX12720 
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C. elegans: glr-5(tm3506) National 

BioResource 

Project (NBRP) 

FX03506 

C. elegans: hif-1(ia4) CGC ZG31 

C. elegans: Y63G10A.6(tm5866) National 

BioResource 

Project (NBRP) 

FX16937 

C. elegans: inx-1(tm3524) National 

BioResource 

Project (NBRP) 

FX18538 

C. elegans: let-23(n1045)  CGC MT2123 

C. elegans: lgc-40(n4545)  CGC MT14678 

C. elegans: lin-3(e1417)  CGC CB1417 

C. elegans: nlg-1(ok259)  CGC VC228 

C. elegans: nlp-3(n4897) Bhatla et al. 

(2015)100 

MT15951 

C. elegans: nrx-1(ds1)  CGC SG1 

C. elegans: osm-9(ky10)  CGC CX10 

C. elegans: kyEx4999[Ppdfr-1::acy-1(gf)-sl2-mCherry, Pmyo-

2::mCherry] 

Hilbert et al. 

(2018)101 

CX15050 

C. elegans: pnc-1(ku212)  CGC MH1090 

C. elegans: kyEx4268[mod-1::nCre(8 ng/uL); myo-

2::mCherry(1 ng/uL); kyEx4499 = odr-

2(2b)::inv[TeTx::sl2GFP](25 ng/uL); myo-3::mCherry 

(5ng/uL)] 

This study  SWF703 

C. elegans: bruEx160[twk-3::casp-3(p17), twk-3::casp-

3(p12), myo-2::dsRed] 

Guillermin et al. 

(2017)102 

EAH268 

C. elegans: sbt-1(ok901)  CGC RB987 

C. elegans: ttx-3(ot358). CGC OH9331 

C. elegans: aptf-1(tm3287)  CGC HBR232 

C. elegans: glr-3(ak57) Bhatla et al. 

(2015)100 

VM1846 

C. elegans: tdc-1(n3420)  Alkema et al. 

(2005)75 

MT10661 

C. elegans: tdc-1(n3421)  Alkema et al. 

(2005)75 

MT10549 
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C. elegans: tdc-1(syb7124) This study  PHX7124 

C. elegans: tdc-1(syb7124); flvEx518[eat-4::cre (10ng/uL); 

myo-2::mCherry (5ng/uL)] 

This study  SWF1044 

C. elegans: tdc-1(syb7124); flvEx519[tbh-1::cre (65ng/uL); 

myo-2::mCherry (5ng/uL)] 

This study  SWF1045 

C. elegans: flvEx448[glr-1::Cre (18ng/uL); tdc-

1::inv(CoChR)::sl2GFP 30ng/uL); myo-2:::mCherry (5ng/uL)] 

This study  SWF946 

C. elegans: flvEx453[glr-1::Cre (18ng/uL); tdc-

1::inv(Gt2)::sl2GFP 30ng/uL); myo-2:::mCherry (5ng/uL)] 

This study  SWF950 

C. elegans: tyra-3(ok325) CGC CX11839 

C. elegans: tyra-2(1815) Donnelly et al. 

(2013)77 

QW42 

C. elegans: lgc-55(tm2913) Jin al. (2016)103  CX11501 

C. elegans: ser-2(pk1357) CGC OH313 

C. elegans: lgc-39(flv9); lgc-55(tm2913); tyra-3(ok325) tyra-

2(tm1846); ser-2(pk1357)  

This study SWF882 

C. elegans: tdc-1(n3419); lite-1(ce314); gur-3(ok2245); 

otIs670[NeuroPAL]; flvIs17[tag-168::NLS-GCaMP7F, gcy-

28.d::NLStag-RFPt, ceh-36:NLS-tag-RFPt, inx-1::tag-RFPt, 

mod-1::tagRFPt, tph-1(short)::NLS-tag-RFPt, gcy-5::NLS-

tag-RFPt, gcy-7::NLS-tag-RFPt] 

This study  SWF1002 

C. elegans: flvEx546[ceh-6::cre (25ng/uL); flp-8::inv(CoChR 

sl2 GFP) (25ng/uL); myo-2::mCherry (5ng/uL) 

This study SWF1095 

C. elegans: flvEx547[vap-1::cre (50 ng/uL); unc-

25::inv(CoChR sl2 GFP) (20 ng/uL), myo-2::mCherry 

(5ng/uL) 

This study  SWF1097 

C. elegans: lite-1(ce314); gur-3(ok2245); otIs670[NeuroPAL]; 

flvIs17[tag-168::NLS-GCaMP7F, gcy-28.d::NLStag-RFPt, 

ceh-36:NLS-tag-RFPt, inx-1::tag-RFPt, mod-1::tagRFPt, tph-

1(short)::NLS-tag-RFPt, gcy-5::NLS-tag-RFPt, gcy-7::NLS-

tag-RFPt] 

Atanas et al. 

(2023)29 

SWF702 

C. elegans: flvEx573(lad-2::cre (30 ng/uL); fkh-10::inv(Gt2) 

(25 ng/uL); myo-2::mCherry (5 ng/uL)) 

This study SWF1142 

C. elegans: flvEx572(lad-2::cre (30 ng/uL); fkh-

10::inv(CoChR) (25 ng/uL); myo-2::mCherry (5 ng/uL)) 

This study  SWF1141 

C. elegans: flvEx570(lad-2::cre (40 ng/uL); unc-42::inv(Gt2); 

myo-2::mCherry (5ng/uL)) 

This study  SWF1139 

C. elegans: flvEx575(lad-2::cre (40 ng/uL); unc-

42::inv(CoChR); myo-2::mCherry (5ng/uL)) 

This study SWF1144 
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C. elegans: flvEx567(flp-12(s)::CoChR (25 ng/uL); myo-

2::mCherry (5ng/uL)) 

This study  SWF1136 

C. elegans: flvEx593(flp-12(s)::Gt2 (25 ng/uL); myo-

2::mCherry (5 ng/uL)) 

This study SWF1182 

C. elegans: flvEx584(lad-2::Gt2 (15 ng/uL); flp-12(s)::Gt2 (25 

ng/uL); myo-2::mCherry (5 ng/uL)) 

This study SWF1156 

C. elegans: flvEx589(lad-2::cre (30 ng/uL); fkh-10::inv(unc-

103(gof)) (25 ng/uL); myo-2::mCherry (5 ng/uL)) 

This study SWF1161 

C. elegans: flvEx574(ceh-17::cre (50 ng/uL); pdf-

1::inv(CoChR) (50 ng/uL); myo-2::mCherry (5 ng/uL)) 

This study SWF1143 

C. elegans: flvEx576(ceh-17::cre (50 ng/uL); pdf-1::inv(Gt2) 

(50 ng/uL); myo-2::mCherry (5 ng/uL)) 

This study SWF1146 

C. elegans: tbh-1(n3722) Alkema et al. 

(2005)75 

MT11374 

C. elegans: flvEx464[tdc-1::Cre (25ng/uL); glr-1::inv(unc-

103)::sl2GFP 30ng/uL); myo-2:::mCherry (5ng/uL)] 

This study SWF972 

C. elegans: flvEx301[tbh-1::TeTx sl2::mCherry (80ng/ul), elt-

2::GFP (5 ng/uL) 

This study SWF688 

Software and Algorithms 

MATLAB (2022a) Mathworks https://www.mathworks.com 

Streampix (v7.0) Norpix https://www.norpix.com 

Adobe Illustrator Adobe https://www.adobe.com 

GraphPad Prism (v10) Dotmatics https://www.graphpad.com/ 

Other 

SP-20000M-USB3 CMOS camera JAI N/A 

Micro-NIKKOR 55mm f/2.8 lens Nikon N/A 

Precision LED Spot Light, 470nm, 50W, Type H Mightex Cat#PLS-0470-030-50-S 

BioLED Light Source Control Module Mightex Cat#BLS-13000-1 

 

C. elegans 1508 

Wild type animals were C. elegans Bristol strain N2. Animals were kept on NGM agar plates 1509 

containing E. coli OP50 bacteria. Growth plates were maintained at 22°C and 40% humidity. All 1510 

experiments were conducted on one day old young adults. Crosses were genotyped by PCR 1511 

and/or sequencing as appropriate. Transgenic animals were generated via CRISPR/Cas9 genome 1512 

editing or plasmid DNA injection into the gonads of young adult hermaphrodite animals. 1513 
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Transgenic strains were validated through sequencing or presence of a fluorescent co-injection 1514 

marker.  1515 

 1516 

Plasmids and Promoters 1517 

We generated novel strains for cell specific neuron silencing (either constitutive and optogenetic) 1518 

and optogenetic activation. Promoters were validated through expression of GFP fluorophores in 1519 

the neurons of interest. The following promoters were used for cell-specific expression: AUA 1520 

(Pceh-6 + Pflp-8, intersectional Cre/Lox)29, RME (Punc-25 + Pvap-1, intersectional Cre/Lox), 1521 

SAA (Plad-2 + Punc-42, intersectional Cre/Lox)62, SIA (Pceh-17 + Ppdf-1, intersectional 1522 

Cre/Lox), SMB (Pflp-12s)62, SMD (Plad-2 + Pfkh-10, intersectional Cre/Lox). Intersectional 1523 

promoters with Cre/Lox used previously described plasmid backbones104.  1524 

 1525 

New alleles generated in this study  1526 

The conditional rescue allele of tdc-1 was made through CRISPR/Cas9 genome editing. The 1527 

region containing sixth through tenth exon of the endogenous tdc-1 gene was inverted and placed 1528 

between two sets of dual loxP sites in the FLEX arrangement. Additionally, an inverted t2a-GFP 1529 

sequence was added immediately before the stop codon such that successful re-version of the 1530 

gene would result in cell-specific fluorescence. We confirmed cell-specific GFP expression in 1531 

RIM and RIC in animals expressing Cre under their respective promoters (eat-4 for RIM; tbh-1 1532 

for RIC). 1533 

We constructed a new allele of lgc-39 using CRISPR/Cas9 editing. In an existing strain 1534 

lacking all four tyramine receptors (QW833)105 we made the following 46bp insertion in LGC-39 1535 

(inserted sequence in bold), introducing a frameshift to the gene:  1536 

ATAAATGGGCAAACGAGTAGTAAGTAAGTAGTAAGTAGTAGTAAGTGATAAGCT1537 

AGCCAAACGG. Mutant strains were backcrossed to parental strains x3 to mitigate off target 1538 

mutations. 1539 

 1540 

Chemotaxis assays  1541 

Chemotaxis assays were performed as previously described15,106. 50-200 young adult 1542 

hermaphrodite animals are washed off growth plates with Chemotaxis Buffer. Animals are then 1543 

washed three times in Chemotaxis Buffer to remove residual bacteria. Two 1uL drops of 1M 1544 

sodium azide are added to each end of the plate to arrest movement if animals arrive at the odor 1545 

or control end of the plate. Two 1uL drops of odor were added to one side of the plate, and two 1546 

1uL drops of ethanol (the diluting agent) were added to the other side. Animals were washed 1547 

onto the center of the plate and excess liquid was dried using a Kim Wipe. Assays were run on 1548 

square grid plates with 10mL of chemotaxis agar; plates were poured the night before. Assays 1549 

were run at 22°C and 40% humidity in a humidity-controlled incubator. After 1 hour, plates were 1550 

moved to 4°C to stop movement. Assays were scored after 1+ day, and fluorescent strains were 1551 

scored under the fluorescent microscope. Animals were scored as follows: the number of animals 1552 

at the odor, at the ethanol, and on other parts of the plate were quantified. Animals remaining at 1553 

the starting position were excluded. Chemotaxis index was calculated as (#odor - #ethanol) / 1554 

(total # animals). Odor concentrations used are: 1:1000 butanone, 1:1000 diacetyl, 1:10 1555 

nonanone, 1:10 octanol. Concentrations for each odor were determined based on previously 1556 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 11, 2024. ; https://doi.org/10.1101/2024.08.11.607076doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.11.607076
http://creativecommons.org/licenses/by/4.0/


 

65 
 

established maximally attractive concentrations for butanone and diacetyl15, the standard 1557 

concentration for nonanone avoidance assays (for example107,108), and the same concentration for 1558 

octanol, which is within the range of its known aversive concentrations109. 1559 

 1560 

Multi-worm recordings 1561 

Multi-animal behavior recordings were used to quantify locomotion as previously described110 1562 

both during optogenetic stimulation and during chemotaxis. For chemotaxis, the assay was 1563 

identical to the above, except that only one drop of odor or ethanol was added to each side of the 1564 

plate. Additionally, the recording plates used did not have grids. Animals were also staged as L4 1565 

animals the night before. No odor controls for each genotype were collected from recording 1566 

plates without odors, ethanol, or azide, to quantify spontaneous movement absent any known 1567 

sensory cues. 20-100 animals were recorded per plate. All tested strains were recorded over 2+ 1568 

days. Wild type controls are always recorded the same day as the mutant strain(s) to which they 1569 

are compared. No odor controls for each genotype are likewise recorded the same day as their 1570 

counterpart with-odor recording plates.  1571 

Optogenetic experiments were conducted similar to previously described approaches111,112. 1572 

L4 animals were staged the night before onto NGM plates seeded the previous day with 200uL 1573 

of OP50 with or without 50uM ATR. Animals were then maintained in the dark until the assay 1574 

(16-20 hours later). The assay then continued as described above, either with or without odor, as 1575 

indicated. Light exposure was reduced whenever possible while washing and staging animals for 1576 

recording. All experiments contain data recorded over 2+ days. All recordings used JAI SP-1577 

20000M-USB3 CMOS cameras (5120x3840, mono) with Nikon Micro-NIKKOR 55mm f/2.8 1578 

and were recorded with Streampix software at 3 fps. Illumination was from IR LEDs 1579 

(Metaphase). For both CoChR and GtACR2 recordings, light illumination was at 470 nm and at 1580 

10 uW/mm2 from a Mightex LED. All recordings were analyzed with custom-built MATLAB 1581 

scripts110.  1582 

For the optogenetic experiments described in Figures 3 and 4, light stimulation patterns were 1583 

as follows. Strains expressing the light activated cation CoChR channel were exposed to no light 1584 

for an initial period of 5 minutes. Animals were then under blue light for 20 seconds, then no 1585 

light for 3 minutes, then blue light for 20 seconds, and so on for a 30-minute total recording. For 1586 

strains expressing the light activated chloride channel GtACR2, animals were exposed to no light 1587 

for an initial period of 5 minutes. Animals were then under blue light for 60 seconds, then no 1588 

light for 3 minutes, then blue light for 60 seconds, and so on for a 30-minute total recording.  1589 

From these videos, animals were segmented and tracked using previously published and 1590 

described code110. Here we describe some of the previously-described features of this behavioral 1591 

quantification package relevant to our study, to aid understanding. We also describe all of the 1592 

new behavioral parameters that we computed to describe navigation in this work. 1593 

 1594 

Previously-described properties of the behavioral tracker relevant to this study: 1595 

The starts and ends of reversals were determined by times when the absolute value of the 1596 

animal’s angular speed was over 75 deg/sec. The spikes in angular speed reflect changes in 1597 

direction (forward to reverse and vice versa). When two spikes occur in close succession 1598 

(<8.8sec apart), this was considered a reversal event. The start time of the reversal was then 1599 
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considered to be the first frame at which angular speed was >75 deg/sec during the first spike in 1600 

angular speed, and the end time was the last frame before angular speed went below 75 deg/sec 1601 

during the second spike in angular speed. We defined pirouettes as consecutive reorientations 1602 

occurring less than 13 seconds apart. 1603 

Turn type (omega vs mid-angle vs low-angle) was determined based on both the change 1604 

in direction and the posture of the animal during the turn. The change in direction was as 1605 

follows: omega turns are >135 degrees, mid-angle reorientations have a turn 40-135 degrees, and 1606 

low-angle reorientations (basically a pure reversal) have a turn of 0-40 degrees. Omegas must 1607 

additionally show the characteristic posture, as defined by the eccentricity of the animal. Mid-1608 

angle turns also required a change in eccentricity, though not as dramatic as the omega threshold. 1609 

Turns must be within 1.5 seconds of the reversal end to be considered part of the same 1610 

reorientation. High- and mid-angle turns were considered over as soon as worm eccentricity (i.e. 1611 

worm shape) went above a quantitative threshold to know that the animal was no longer coiled. 1612 

Low-angle reorientations were over at the end of the reversal.   1613 

 1614 

Behavior quantification developed in this study (not in previous description of tracker) 1615 

Direction to odor (ϴ): the position of the odor was manually defined by the user based on its 1616 

location on that particular plate. This location was used to define the angle between the animal’s 1617 

position on the plate and the odor position. This angle was defined with respect to a uniform 1618 

coordinate system in the video where 0 is “south”. For a visualization, this angle would be the 1619 

difference between “south” and the dashed line between the animal and the odor in Fig. 1A. We 1620 

then calculated the animal’s direction of movement on the plate (the arrow in Fig. 1A). This 1621 

direction trajectory at time “t” was defined as the change in the animal’s position on the plate 1622 

between time t and t+2 seconds. We found that smoothing over two seconds helped to reduce the 1623 

jitter associated with sinusoidal movement. The angle between this direction of movement and 1624 

the uniform coordinate system of the plate was then calculated (similar to the previous 1625 

description). Direction to odor is then calculated as the angle between the angle of the animal’s 1626 

movement and the angle between the animal and the odor. This direction to odor angle is shown 1627 

as ϴ in Fig. 1A.  1628 

Bearing to odor (cos(ϴ)): bearing to odor was the cosine of the direction to the odor (ϴ), as 1629 

defined above. As the animal’s movement trajectory changes rapidly during reorientations, this 1630 

value is not calculated during the reorientation itself, but rather is considered as the animal 1631 

begins forward movement after the reorientation (for example, in Fig. 1J). Similarly, the value at 1632 

reorientation start considers the direction the animal was moving before the animal began the 1633 

reorientation (for example, consider Fig. 1B). 1634 

Reorientation angle (∆ϴ): the change in angle that the animal executed during a reorientation 1635 

was calculated as the angle between their trajectory at the start of the reorientation and their 1636 

trajectory at the end of the reorientation. The trajectory was defined similarly to the description 1637 

above, except the direction at the start of the reorientation was defined based on their change in 1638 

position in the 1 second before the reorientation, and direction at the end of the reorientation was 1639 

defined based on their change in the 1 second after the reorientation.  1640 

Turn towards or away from odor (as in Fig. 1E): to determine if each reorientation turned the 1641 

animal towards or away from the odor, we compared the angle between the animal and the odor 1642 
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at the start of the reorientation (ϴ, here called ϴSTART) to the angle between the animal and the 1643 

odor at the end of the reorientation (ϴEND). We then compared the magnitude of the angles. If 1644 

|ϴSTART| > |ϴEND|, the reorientation was marked as turning the animal towards the odor, and vice 1645 

versa (so, if |ϴSTART| < |ϴEND|, the reorientation was marked as turning the animal away from the 1646 

odor). We then calculated the fraction of reorientations that turned the animal towards the odor 1647 

on each recording plate.   1648 

Fraction reorientations in the correct direction (for example, as in Fig. 1G): to determine if 1649 

each reorientation turned the animal in the correct or incorrect direction, we compared the angle 1650 

between the animal and the odor (ϴ) at the beginning of the reorientation with the angle that the 1651 

animal actually turned (∆ϴ). If these angles had the same sign, we assigned this as a “correct” 1652 

turn. If the angles’ signs differed, this was an “incorrect” turn (visualization in Fig. 1F). The 1653 

fraction of reorientations that turned the animal correctly was then calculated for each plate. We 1654 

also note that our mutli-worm tracker recordings did not have sufficient resolution to 1655 

anatomically identify each animal’s dorsal or ventral side. (Some animals have their ventral side 1656 

on their right to a human observer and some on their left). Therefore, the metric that we 1657 

quantified could perhaps most accurately be described as the animal’s clockwise or 1658 

counterclockwise correctness. This tells us if animals direct their turns in the correct dorsal or 1659 

ventral direction relative to their initial direction to the odor. Importantly, we do not have to 1660 

know if they are turning dorsally or ventrally to calculate this metric – we just have to know if 1661 

they turned in the correct direction or not.   1662 

Weathervaning (as in Fig. S1B): weathervaning was calculated as previously defined38. 1663 

During forward movement, we calculated the animal’s direction to the odor (ϴ), as defined 1664 

above. We then calculated the animal’s curving rate. This value is the change in the animal’s 1665 

heading angle with respect to the coordinate system of the plate (described above) divided by 1666 

their displacement over the next 1 second. The interpretation of this value is that it tells you how 1667 

much the direction of their run is changing (magnitude) and if their run is bending in a certain 1668 

direction (value). Comparing the sign of the curving rate and the direction to the odor therefore 1669 

tells you if the animal is bending their run towards or away from the odor. If the signs are the 1670 

same (i.e. both positive), then the animal is bending its run direction towards the odor source, 1671 

and vice versa. We only included data from the first 10 seconds of forward runs, as we found this 1672 

was when wild type animals exhibited weathervaning behavior the most strongly. Frames where 1673 

the animal was moving less than 0.04 mm/s were excluded, as these were considered pauses.  1674 

 1675 

Whole brain imaging 1676 

Imaging was conducted and analyzed as previously described29,60,61. Recordings were conducted 1677 

using the transgenic strain SWF702 which has pan-neuronal GCaMP and NeuroPAL, as well as 1678 

lite-1 and gur-3 null mutations29,31. We also generated a whole brain imaging strain in a tdc-1 1679 

background, SWF1002. This strain was made by crossing SWF702 animals to MT13113. To 1680 

present animals with an olfactory stimulus during imaging, we cut a square of flat agar NGM 1681 

(0.5 cm x 0.5 cm). We then poured hot agar around this square, which was NGM agar with 1682 

0.167% octanol (40 uL of octanol was added to 24mL of liquid NGM agar). This created a sharp 1683 

octanol gradient, which can be seen in Fig. S1M. The agars were flush together (without a gap) 1684 

as because the hot agar was added second, it fused to the first, cool agar. Both agars were 1685 
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sandwiched under a glass cover slide to ensure a uniform thickness. We chose to use octanol 1686 

rather than nonanone as we found wild type responses to octanol were slightly more robust and 1687 

reliable (for example, compare octanol and nonanone responses in wild type animals in Fig. 5E). 1688 

Next, 9 uL M9 Buffer was put on top of the agar pad, with 4uL of um Microsphere beads in M9 1689 

Buffer placed at the corners of the agar (to alleviate some of the pressure of the cover slip on the 1690 

worm). One day old adults were mounted on the central NGM square. Animals were imaged for 1691 

8-16 minutes. Whenever possible, wild type and tdc-1 recordings were collected on the same 1692 

day.  1693 

 For whole brain imaging behavior quantifications, reversals were defined as periods of 1694 

backwards velocity (for example, compare red highlights showing reversals to the velocity trace 1695 

in Figure 1N). Post reversal turns were defined based on the animal’s body bending as the 1696 

average change in direction in the 12 frames (7.2 seconds) after a reversal end (the average 1697 

amount of time before animals returned to the stereotyped postures associated with forward 1698 

movement). Head curvature quantification was defined based on the angle along the anterior 1699 

spline of the animal, specifically the angle between the direction from tip of the animal’s nose to 1700 

35.4 μm along their body and the direction between 35.4 μm and 61.9 μm along the spline, as 1701 

previously described29. Animal encounters with the octanol gradient were scored manually after 1702 

the recordings. The ventral or dorsal side of the animal was defined visually based on the 1703 

animal’s anatomy (some animals have their ventral side on their right to a human observer and 1704 

some on their left). 1705 

 1706 

Decoding post-reversal turn direction from SAAV activity 1707 

To test whether SAAV activity and/or behavior could predict upcoming turn directions, we 1708 

trained Recurrent Neural Network (RNN) decoder models. The models were tasked with taking 1709 

SAAV activity and/or head curvature during a reversal and categorizing the event as preceding a 1710 

ventral vs. dorsal post-reversal turn. We included all reversals that were sufficiently long (at 1711 

least 1.5 head swings). For all such reversals, we extracted 4 frames-long stretches of data 1712 

(neural activity and behavior were both head curvature-aligned as in Fig. 2B) from the reversal. 1713 

Data within these time stretches was provided as input into the RNN decoder models. One model 1714 

was trained on both the SAAV activity and head curvature (i.e. behavior) within these time 1715 

stretches. A control model was trained on only head curvature behavior (neuron activation was 1716 

set to zero). Sampling 4 frames-long time stretches from within the reversal prevented the 1717 

models from easily guessing the sign of the upcoming turn based on preceding behavior, since 1718 

the time stretches were not time-locked to reversal endings (i.e. the models could not guess the 1719 

animal would turn dorsal because the time stretch ended with a ventral head swing). Instead, the 1720 

models could only provide accurate decoding if SAAV activity and/or head curvature were 1721 

different in general during the reversals preceding dorsal versus ventral turns, which was the 1722 

hypothesis that we were aiming to test. We chose to use an RNN decoder (as opposed to a linear 1723 

decoder) as an RNN model could conceivably learn about time-varying signals and the 1724 

correspondence between SAAV activity and head curvature. 1725 

Splitting of data to training, validation, and test sets for cross-validation. In order to 1726 

reduce stochasticity and gain confidence in our results, we used a hierarchical cross-validation 1727 

scheme that allowed us to evaluate many models trained on different permutations of our data, 1728 
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which was always evaluated on unseen testing data. In this scheme, the overall dataset (i.e. all 1729 

reversal-turns) was partitioned into 5 rotated 80:20 train / test split permutations. Within each 1730 

training partition, the dataset was further split into 4 rotating 75:25 train / validation split 1731 

permutations. This gives 5x4=20 unique train/validation/test split variations with 60:20:20 ratios 1732 

respectively. This scheme allowed us to train four different models and compute the average 1733 

performance of these models on the same withheld testing data segment, allowing us to reach a 1734 

more reliable conclusion regarding decoding accuracy than would be the case relying on a single 1735 

trained model per testing data segment.  1736 

Model Training. Due to C. elegans’ intrinsic bias to turn ventrally more frequently47, over 1737 

half of our data were ventral turning events. We therefore took multiple steps to remove ventral 1738 

bias during training and validation. To remove ventral bias during network training, in each 1739 

round of training we took a random subset of ventral events equal to the number of dorsal events. 1740 

This allows the model to eventually train on all ventral events in the training set over multiple 1741 

epochs, improving generalizability. In addition, for each training/validation/test data split, we 1742 

ensured that dorsal versus ventral turns were represented at similar ratios (that is, in each split 1743 

they are present at the ratio in the overall full dataset). During each epoch of model training, the 1744 

training data were randomly partitioned into batches of 16. The model was trained for 250 1745 

epochs with a learning rate of 1e-3 using the ADAM optimizer113. 1746 

Model Architecture. The model used was a simple RNN utilizing a GRUCell114 at each 1747 

iteration. To avoid overfitting, we applied dropout to the final hidden state from the RNN. To 1748 

smooth out the gradients while training, we then applied layer normalization. The normalized 1749 

result is sent to a single linear layer with bias and passed to a sigmoid activation function. The 1750 

input size to the RNN was the number of channels (2; one for SAAV activity and the other for 1751 

behavior), the hidden size was 3, and the output was a single floating point value between 0 and 1752 

1. Our model was constructed and trained using JAX115 and the neural network extension 1753 

Equinox116. 1754 

Model Evaluation. The model loss was evaluated using binary cross-entropy. This allows 1755 

us to capture accuracy and confidence of our RNN in a single metric. Accuracy was calculated 1756 

by taking the final output from the model – that is, the prediction of a dorsal turn (output >= 0.5) 1757 

or ventral turn (output <0.5) – and rounding to either 0 or 1 to arrive at a binary classification. 1758 

This was then compared to the actual turn direction.  1759 

Test Accuracy. Each test split retains ventral and dorsal turning events at the ratio that 1760 

they existed in our raw data (i.e. with more ventral examples, due to animals’ intrinsic turning 1761 

bias). Again, we sought to avoid bias, so we computed model accuracy on all ventral events and 1762 

dorsal events separately and then averaged these two values together to get a total accuracy. This 1763 

was essential, since, for example, a model that learns nothing could always output a guess of 1764 

ventral turn for every test example. In such a case, this method would report chance level 1765 

accuracy (50%), as desired. The accuracy reported from each model was chosen from the epoch 1766 

where validation loss was minimized. The reported accuracies were then averaged across all 20 1767 

models. 1768 

P-Value Calculation. To compare the RNN trained on SAAV activity and behavior 1769 

versus that trained on behavior only, we used the following procedure. For each of these two 1770 

models, we obtained bootstrapped samples of testing set data and computed overall test accuracy 1771 
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on each bootstrap sample (this accuracy again weighed ventral and dorsal turns equally, as 1772 

described above). This gave rise to sampling distributions with confidence intervals. We then 1773 

computed the probability that the difference between these two distributions was non-zero, i.e. 1774 

the probability that the testing performance of the two models is different. This probability is 1775 

reported as an empirical p-value in the legend of Fig. 2D.  1776 

 1777 

Comparing tyramine receptor expression patterns and brain-wide encoding deficits in tdc-1 1778 

mutants 1779 

In one analysis (Fig. S7A), we examined whether tyramine receptor expression patterns were at 1780 

all predictive of which neuron types have significantly different encoding of behavior in tdc-1781 

1 animals compared to wild type animals (Fig S7A). To do so, we compared cell-specific gene 1782 

expression data from76. to changes in neuronal encoding that we uncovered (Fig. 7A). We 1783 

devised a way to describe the overall level of tyramine receptor expression in each neuron. In our 1784 

approach, expression of each receptor was normalized to the maximum Transcripts per Million 1785 

(TPM) reported in any single neuron for that receptor, resulting in values ranging from 0 (no 1786 

expression) to 1 (maximum relative expression). For example, ser-2 is expressed most highly in 1787 

OLL, at a TPM of 1104. The neuron NSM expresses ser-2 at expresses 170 TPM, so NSM ser-2 1788 

expression is normalized to a value of 0.15. We then took the sum of expression across all five 1789 

tyramine receptors for each neuron to obtain its overall level of tyramine receptor expression. In 1790 

our analysis, we then summed these values across the 9 neurons that had altered encoding of 1791 

behavior in tdc-1 animals (as reported in Fig. 7A). We compared this actual sum to a distribution 1792 

of normalized tyramine receptor expression for 500 randomly drawn sets of 9 neurons. These 1793 

results are reported in Fig. S7A. 1794 

 1795 

Subsampling of whole-brain imaging data 1796 

As wild type and tdc-1 animals have differing behavioral outputs (for example, see Fig. 7B), and 1797 

as we know behavior can affect neuron activity (for example, consider how SMDV activity 1798 

scales with turn angle in Fig. 2C), for some analyses we wanted to compare neuron activity in 1799 

wild type versus tdc-1 animals during similar behaviors. This could allow us to determine 1800 

whether the relationship between activity and behavior was disrupted in tdc-1 mutants per se. 1801 

Therefore, we compared neuron activity in tdc-1 and wild type animals during matched 1802 

behaviors only, which we obtained by subsampling. We note that in all such cases, we also 1803 

presented all data without any subsampling and in the Results section noted any instances where 1804 

there was a difference in the conclusion when analyzing the data these two ways (all such plots 1805 

are in Fig. 7 and S7; see plot titles). Briefly, we obtained matched behaviors by taking a subset of 1806 

the data from either wild type or both wild type and tdc-1 and ensuring that the underlying 1807 

behaviors were matched for relevant metrics as follows: reversal length, reversal speed, turn 1808 

angle, forward run speed, and amplitude of head bending. Different variables were controlled for 1809 

different neurons – the exact variables controlled are determined based on neurons’ activities in 1810 

wild type animals and are specified in the legend and the figure. (For example, SAAV activity 1811 

changes based on reversal length in WT animals (Fig. S2C), so reversal length is matched for 1812 

WT and tdc-1 animals when looking at SAAV activity in Fig. S7G.).            1813 
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To subsample behavior, we first determined the underlying distributions of a behavior for 1814 

each genotype (for example, reversal speed). We then determined the quintile distribution of this 1815 

behavior for tdc-1 animals. We then identified all wild type reversals that fell into the range of 1816 

each quintile and further determined the fewest number of matching reversals per quintile. We 1817 

then randomly took an equivalent number of reversals from each quintile, creating a new, 1818 

subsampled distribution of wild type reversals that matched the tdc-1 distribution for the 1819 

parameter of interest. To further illustrate this approach – when considering reversal speed, the 1820 

60th to 80th percentile of tdc-1 reversals are 0.065-0.078 mm/s. Only 30 wild type reversals fell 1821 

in this range of speeds. We therefore took these as well as 30 random wild type reversals from 1822 

each of the four other quintiles of the tdc-1 distribution, essentially constructing a new 1823 

distribution of data whose values were well matched to tdc-1. We then evaluated neural activity 1824 

across these behavior-matched wild type and tdc-1 mutant datasets. 1825 

 1826 

Quantification and statistical analyses  1827 

The statistical tests used are provided in the figure legends, as is the n for each experiment, and 1828 

the definitions of center and dispersion. Statistics were calculated using MATLAB or GraphPad 1829 

Prism (Prism was only for chemotaxis indices). Some visualizations and analyses used 1830 

throughout the paper are described in more detail here.  1831 

Statistics in Figures 2A, 4D, and 7A rely on determining the fraction of datasets where 1832 

the neuronal encodings of dorsal and ventral head curvature, forward movement, or forward 1833 

speed were significant, based on methods described in29. Briefly, these encodings are determined 1834 

by fitting each neuronal activity trace with the previously described CePNEM model, which is an 1835 

encoding model expressing neural activity as a function of worm behavioral variables (velocity, 1836 

head curvature, and feeding). This model is fit with Bayesian inference, allowing us to compute 1837 

the posterior distributions of all its parameters. One of those parameters describes the neuron’s 1838 

encoding of head curvature, and we can compute an empirical p-value that this parameter is 1839 

either positive (dorsal encoding) or negative (ventral encoding). Encodings of forward movement 1840 

and forward run speed are calculated similarly. If the relevant p-value is significant after 1841 

multiple-hypothesis correction, we declare that the neural trace encodes dorsal or ventral head 1842 

curvature as appropriate. This same process is repeated for each behavior and each neuron in 1843 

each recording, and the fraction of significantly encoding recordings is then determined and 1844 

reported here. See29 for more details and control analyses of this approach. 1845 

When examining how neuron activity varies based on head curvature during forward or 1846 

reverse (as in Fig. 2A), head-curvature-responsive signals were lost if all data were averaged 1847 

together, as head swing frequency varies across time and animals. Therefore, neuronal activity 1848 

was uniformly compressed or stretched to a uniform head swing frequency of 4.8 seconds per 1849 

head swing cycle. We determined this value as it is the average frequency exhibited by wild type 1850 

animals in our recordings. We aligned activity to this frequency by first quantifying the head-1851 

curvature frequency for each particular time interval (we considered half cycles of head 1852 

curvature, which is between when the head curvature crossed from dorsal to ventral and when it 1853 

crossed from ventral to dorsal, and vice versa). Based on this observed frequency for this animal 1854 

and time period, we then correspondingly stretch or compress neural activity data from the same 1855 

time period so that the cell’s activity at distinct phases of head curvature is aligned to the 1856 
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uniform frequency. Data are aligned to the crossing from dorsal to ventral (when head curvature 1857 

goes from positive to negative) and the crossing from ventral to dorsal. All graphs show two 1858 

complete head swing cycles. Head curvature itself is always plotted using the same alignment for 1859 

each plot and can be seen on the right of each plot.  1860 

 When visualizing activity of the head steering neurons during post-reversal turns, we 1861 

again wanted to preserve their head curvature-associated dynamics. We used a similar alignment 1862 

method as is described above. Neuron activity is aligned at dorsal to ventral, and ventral to 1863 

dorsal, crossings at a uniform frequency before and after the reversal end. Gray vertical lines 1864 

show each full head swing cycle, which lasts 4.8 seconds. Neuron activity from each reversal and 1865 

subsequent run is compressed or stretched based on the actual head curvature frequency 1866 

exhibited by that animal to align to the uniform frequency. Fig. 2B separates the post-reversal 1867 

turns by if the animals turn dorsally or ventrally, defined by taking the average head angle of that 1868 

animal one to two frames post reversal. (Note that the frequency is uniform rather than the sign 1869 

of the alignment – post reversal dorsal vs ventral turns inherently involve the animals bending 1870 

their heads in opposite directions, as can be seen in the head curvature plot on the right). Fig. 2C 1871 

uses this same alignment for ventral turns only, separating the reversals by if they are followed 1872 

by small or large angle turns, defined as the cumulative change in direction that the animal 1873 

exhibits in the 7.2 seconds post reversal. Here, we called low angle turns less than 90 degrees of 1874 

cumulative change in direction (and high angle turns above 90 degrees), a value that was chosen 1875 

to split the wild type turn data roughly in half (see Fig. 7B). For all such graphs, statistics 1876 

compare the average neuron activity in each classification (e.g. dorsal vs ventral turns, or wild 1877 

type vs tdc-1 animals) during one head swing before and after reversal end.  1878 
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