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ABSTRACT
The chemotactic mechanism of the nematode Caenorhabditis elegans primarily consists of two components: the pirouette 
mechanism and the weathervane mechanism. The pirouette mechanism is a form of klinokinesis that regulates the fre-
quency of rapid reorientation behaviors called pirouettes, which include omega/delta turns, while the weathervane mech-
anism involves gradual directional adjustments. Furthermore, previous studies have shown that in pirouettes, not only is 
the frequency of reorientation regulated, but the reorientation angle is also adjusted. However, conventional centroid-based 
analyses have left the postural dynamics during turns unresolved. In this study, we tracked the movement of individual 
worms during chemotaxis and determined the centerlines representing worm postures. From these data, we extracted turn-
ing behaviors, classified postural patterns, and quantified directional changes during turns. Our results indicate that the 
reorientation angle is modulated during turns to orient the animal toward the desired chemical concentrations. Additionally, 
we found the diversity of postural dynamics and directional changes in turn sequences. A detailed classification of turn 
sequences revealed that directional turning is achieved by selection of specific sequence types and adjustment of turning 
angles. This study provides the most detailed and quantitative analysis to date of the turning behaviors as a fundamental 
component of C. elegans chemotaxis.

1   |   Introduction

All motile animals are endowed with motor programs that sup-
port survival and species propagation, such as finding food, 
escaping from predators, seeking mating partners, and engag-
ing in courtship behaviors. Understanding the structure of the 
motor programs is therefore one of the main focuses of ethol-
ogy and neuroscience. The nematode Caenorhabditis elegans, a 
widely utilized model organism in neuroscience and behavioral 
genetics, exhibits chemotaxis, where it moves toward high or 
low concentrations, or a specific concentration, of odorants or 
water-soluble chemicals. Unlike vision, which provides spatial 

information over a visible range, chemosensation only provides 
local concentration cues at the sensory organ's contact points. 
As a result, C. elegans needs to detect changes in chemical con-
centration associated with its own movement and select appro-
priate behaviors to reach the desired concentration. To date, two 
primary mechanisms underlying C. elegans chemotaxis have 
been identified: the weathervane mechanism and the pirouette 
mechanism.

In the weathervane mechanism, the worm gradually curves 
toward a favorable direction while moving forward (Iino and 
Yoshida  2009) (Figure  1A, left). The weathervane mechanism 
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is a form of klinotaxis (Fraenkel and Gunn  1961; Bell and 
Tobin  1982), in which the animal samples stimulus intensity 
on both sides of its body axis to determine the behavioral re-
sponse (Fraenkel and Gunn  1961). In contrast, in the pirou-
ette mechanism, the frequency of pirouettes—a series of rapid 
reorientation movements occurring with short intervals—in-
creases when the chemical concentration change is unfavorable 
(Pierce-Shimomura et  al.  1999) (Figure  1A, center). Similar 
navigation strategies have been observed in the response to 
salts (Iino and Yoshida 2009; Pierce-Shimomura et al. 1999) and 
odorants (Albrecht and Bargmann  2011; Yamazoe-Umemoto 
et al. 2015), as well as to temperature (Ryu and Samuel 2002; 
Luo et al. 2014a; Ikeda et al. 2020). These observations suggest 
that C. elegans employs a set of flexible and common naviga-
tional strategies across different sensory modalities.

The pirouette mechanism was initially considered a form of kli-
nokinesis, where the frequency of random reorientation is mod-
ulated based on the intensity of sensory inputs (Fraenkel and 
Gunn 1961; Bell and Tobin 1982; Tanimoto et al. 2017). However, 
as demonstrated in (Pierce-Shimomura et  al.  1999; Jang 
et al. 2019), the pirouette response is regulated not only in fre-
quency but also in directionality. Specifically, the reorientation 
angle during a pirouette is adjusted based on the chemical con-
centration gradient before the pirouette, a phenomenon known 
as directional pirouettes (Jang et al. 2019) (Figure 1A, right).

A pirouette was originally defined based on worm centroid 
tracking results as a bout of sharp directional changes of centroid 

movement that occur with short intervals (Pierce-Shimomura 
et al. 1999); it includes complex movements such as alternating 
short bouts of backward movements and reorientation behaviors 
such as omega turns. To identify which elements of the pirouette 
response contribute to directionality, in (Jang et  al.  2019), the 
centroid movement data of chemotaxing worms were analyzed. 
This analysis suggested that transitions between forward and 
backward movement, as well as omega turns, contribute to salt 
chemotaxis.

Omega turns are characterized by the head touching the ventral 
side of the body (Croll 1975); these turns frequently occur im-
mediately after the transition from prolonged backward move-
ment to forward movement (Gray et al. 2005; Zhao et al. 2003). 
Another form of turn, the delta turn, involves an even deeper 
body bend than the omega turn, with the head crossing over the 
body (Broekmans et al. 2016). Centroid-based analyses on time-
lapse images of a population of animals as in (Jang et al. 2019) 
enabled precise tracking of simple locomotion of individual ani-
mals. However, turning behaviors were identified merely based 
on the roundness of the worm's body silhouette, making turn 
identification and quantification less accurate. As a result, the 
postural dynamics during turns remained unclear.

In this study, we conducted a detailed analysis of posture tran-
sitions during these turns using centerline data obtained from 
high-resolution images of individual chemotaxing worms. Our 
analyses revealed that the direction of turns are actively reg-
ulated depending on the chemical gradient. Furthermore, a 

FIGURE 1    |    Definition of turns using centerline data. (A) Schematic drawing of chemotaxis strategies known in C. elegans. Blue graded color in 
the background represents NaCl concentration. (left) In the weathervane mechanism, as a form of klinotaxis, worms gradually curve toward higher 
NaCl concentration. (center) In pirouette mechanism, as a form of klinokinesis, the animals show increased rates of pirouette, a bout of reversal and 
sharp turns, when the NaCl concentration decreases upon their forward locomotion. (right) In pirouette responses, worms show directionality, so 
that the turning angle is not random as assumed in klinokinesis, but is biased toward higher NaCl concentration. (B) (left) Trajectory of all animals 
on the chemotaxis plate were overlaid. Different colors were used for each worm. (right) Example trajectory of four worms. These animals show 
chemotaxis to the NaCl-high peak on the plate with NaCl gradient. (C) Examples of centerline extraction from worm movies obtained. Fluorescence 
worm images were binarized (white), and the centerline (red) was determined from the binary images. (D) Types of turns and their identification 
based on centerlines. All cases where any two segments of the centerline (in red) were within the length of d = 7 × segment length, the postures were 
judged as turns.

Pirouette response

Frequency regulation
(Pirouette mechanism)

Turning angle regulation
(Directional pirouette)

NaCl gradient

A

(Weathervane mechanism)
Rotational angle regulation

Weathervane response B
All worms

(n = 99)

NaCl low

1 cm

NaCl highStart

Worm #1 Worm #2

Worm #3 Worm #4

C D

d < Width of the worm

Centerline

Junction points

Estimated silhouetteDelta turn
(Body parts cross)

Omega turn
(Body parts touch)

Head
Tail



3 of 13

detailed classification of turns showed that directional turns 
result from the selection of specific sequence types and the ad-
justment of turning angles.

2   |   Results

2.1   |   Definition of Turns Using Centerline Data

A pirouette has been originally defined as consecutive sharp di-
rectional changes of worm centroid movement. It is usually ini-
tiated by a reversal, in which the worm switches from forward 
to backward locomotion, followed by various combinations of 
turning and reversals, and terminated by resumption of for-
ward locomotion. Previous studies have shown that pirouettes 
are modulated not only in frequency but also in reorientation 
angles to drive salt chemotaxis (Pierce-Shimomura et al. 1999; 
Jang et al. 2019). Backward locomotion can be followed by turn-
ing behaviors such as omega and delta turns, where the head 
contacts or crosses the body, or other deep bends where the head 
does not contact the body. The previous study further suggested 
that turning angles of omega/delta turns within pirouettes are 
by themselves regulated to improve the worm orientation (Jang 
et  al.  2019). However, these studies analyzed only centroid 
movement, leaving it unclear how animals behave to attain the 
proper direction.

To address how turning behaviors are regulated depending on 
chemical gradient, we individually tracked and recorded 99 
animals navigating NaCl gradients (Figure  1B) and extracted 
time-series centerline data from video recordings (Figure  1C) 
for detailed analysis of turns. Because C. elegans locomotion 
is based on sinusoidal body undulations, body direction oscil-
lates in small angles during locomotion. The movement time 
series was segmented into single swings for further analyses, 
with swing boundaries set at each peak of body direction oscil-
lation (see Materials and Methods for details). In this study, a 
turn was judged based on the body shape as an instance where 
a part of the body (e.g., the head) touched or crossed another 
body part (e.g., the tail) (Figure 1D). For each swing, we deter-
mined whether the worm was moving forward or backward and 
whether the swing constituted a turn (i.e., a body touch occurred 
during the swing; see Materials and Methods for details). A total 
of 2411 turn blocks were detected.

2.2   |   Turn Sequences Improve Movement 
Direction Through Ventral Rotation

To assess how turns affect worm orientation, we first ex-
amined changes in body direction caused by turns. Omega 
turns predominantly occur immediately after the transition 
from backward to forward locomotion, particularly follow-
ing prolonged backward locomotion (Gray et  al.  2005; Zhao 
et  al.  2003). Additionally, multiple turns can occur before 
forward locomotion resumes. We therefore defined a “turn 
sequence” as a sequence of consecutive turn behaviors occur-
ring between a backward locomotion and forward locomotion 
after the turns, and focused our analysis on such sequence 
events (Figure 2A). A total of 1440 turn sequences were de-
tected. Orientation was assessed using bearing, defined as the 

directional angle of the salt peak relative to the worm body 
direction vector (Figure 2B). The pre-bearing was defined as 
the average bearing of the last swing in backward locomotion 
before a turn sequence, while post-bearing was defined as the 
average bearing at the first swing in forward locomotion after 
the turn sequence (Figure 2C, top).

The mean pre-bearing of all turn events was −163.6° (standard 
deviation, 128.4°) (Figure 2D), and the mean post-bearing was 
34.2° (standard deviation, 133.6°) (Figure  2F). The Δ-bearing, 
defined as post-bearing − pre-bearing, which is close to −1 × ro-
tation angle of the worm, had an average of −163.3° (standard 
deviation, 82.0°) (Figure 2E). Overall, the results indicate that 
turn sequences tended to occur when the worm was facing away 
from favorable salt concentrations, and after turn sequences, it 
was more likely to be oriented toward the favorable direction. 
The distribution of cumulative rotational angles (see Materials 
and Methods) was predominantly positive, with a mean of 
162.2°. Some turn sequences involved rotations exceeding 360°, 
indicating that turn sequences generally caused rotation toward 
the ventral side (standard deviation, 83.2°) (Figure 2G).

2.3   |   The Turning Angle, Rather Than Occurrence 
Probability, of Turn Sequences Is Regulated 
Depending on Chemical Gradient

As described above, turns contribute to chemotaxis (Jang 
et al. 2019). Because the bearing distribution prior to the turn 
sequence (pre-bearing) is biased away from the favorable direc-
tion (Figure 2D), and worms rotate by about half a circle during 
the turn sequence (Figure 2E), this bias alone could sufficiently 
account for the contribution of turn sequences to chemotaxis. 
This bias of pre-bearing can be explained by previously re-
ported trends: the pirouette behavior, which often begins with 
a reversal, is more likely to occur when the worm is oriented 
away from the salt peak (Pierce-Shimomura et  al.  1999), and 
a reversal is more likely to be followed by a sequence of turns 
(Gray et  al.  2005; Zhao et  al.  2003). However, in this context, 
two additional mechanisms may also be involved: worms may 
actively regulate (i) the probability of turn sequence occurrence 
and (ii) fine-tuning of turning angles within turn sequences, to 
achieve better orientation after the turn sequence. We therefore 
investigated whether each of these two factors is regulated de-
pending on the salt concentration gradient (bearing) prior to the 
turn sequence.

First, we examined whether the probability of occurrence of 
turn sequences is regulated. As mentioned above, we focus on 
turn sequences that occur following backward locomotion. We 
compared the bearing of two types of events following back-
ward locomotion: one in which the worm turned, and another in 
which it switched back to forward locomotion without turning.

Specifically, we compared the distribution of the bearing before 
the turn (pre-bearing with turns) and the distribution of the 
bearing before the switch to forward locomotion without turns 
(pre-bearing without turns) (Figure  2C). The distributions of 
the pre-bearing with turns and pre-bearing without turns were 
similar, with comparable mean angles of −163.6° and − 157.6°, 
respectively (Figure 2H, left). This trend is also reflected in the 
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even distribution of the occurrence probability of turns per pre-
bearing bin (i.e., the ratio of the number of backward locomotion 
followed by turns versus total number of backward locomotion, 
in each pre-bearing bin) (Figure  2H, right). The distribution 
of turn occurrence did not significantly  differ depending on 

pre-bearing bins (χ2 = 8.14, df = 7, p = 0.32, chi-square test of 
independence). Thus, we found no evidence that the initiation 
of the turn sequence is regulated based on the bearing at the 
point of transition from backward locomotion to turn or forward 
locomotion.

FIGURE 2    |     Legend on next page.
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Next, to investigate whether the turning angle is regulated, we 
tested whether Δ-bearing (post-bearing − pre-bearing) was de-
termined independent of the bearing before the start of the turn 
sequence (pre-bearing) or depended on pre-bearing.

To test this, we employed a bootstrapping approach. Given that 
the post-bearing is calculated as the sum of the pre-bearing 
and the Δ-bearing, we generated a hypothetical post-bearing 
distribution by randomly pairing values from the distributions 
of pre-bearing and Δ-bearing and summing each pair (Pierce-
Shimomura et al. 1999; Jang et al. 2019). In this procedure, the 
original distributions of both pre-bearing and Δ-bearing were 
preserved. We then compared the simulated distribution of post-
bearing with the actual post-bearing (Figure 2I). If the Δ-bearing 
were not regulated based on the pre-bearing, the distribution of 
the hypothetical post-bearing would be indistinguishable from 
that of the empirically observed post-bearing. Although the hy-
pothetical post-bearing had a mean of 32.5°, nearly identical to 
that of the actual post-bearing (34.2°), it was more evenly distrib-
uted than the actual post-bearing. To evaluate the distribution 
of post-bearing, we compared the mean of cos(post-bearings), 
the component of the worm orientation vector toward the salt 
peak (the closer the worms are oriented toward more favorable 
salt concentrations, the larger are the values). The actual value 
of mean-cos(post-bearing) showed a significantly higher score 
compared to the randomly generated distributions (Figure 2J). 
This suggests that the turning angles are not random but are 
regulated depending on the bearing before the turn sequence 
(pre-bearing). These results indicate that worms actively regu-
late their turning angles during the turn sequences of omega/
delta turns based on their orientation before the turn, effectively 
adjusting their direction relative to the salt concentration peak.

2.4   |   Visualization and Classification of Turn 
Sequences

How, then, are the turning angles regulated? It could be 
achieved by regulating the deepness of a single turn or by se-
lecting turn types such as omega and delta turns. Otherwise, 
it could involve a combination of consecutive turns. To investi-
gate this, we first examined the variation of turns by analyzing 

the postural dynamics during turn sequences, using the same 
dataset described earlier in this paper. As described in Materials 
and Methods, the instantaneous posture of C. elegans is repre-
sented as a vector of angles of centerline segments relative to 
the coordinate axis, with the ventral side defined as positive. To 
overview the repertoire of posture patterns, each turn sequence 
was represented as a sequence of posture vectors, forming a 
high-dimensional vector, which was projected onto a t-SNE 
map (see Materials and Methods for details). For this mapping, 
worms' initial orientations were aligned to zero degrees (along 
the x-axis). When worms' rotation angles were color-coded on 
the t-SNE map, this feature appeared as a gradient along one di-
mension (Dimension 1) of t-SNE (Figure 3A). This is reasonable 
since the final orientation of the worm corresponds closely to the 
rotation angle given that the initial orientation was aligned. On 
the other hand, the turn sequence length (turn duration) did not 
align with either axis (Figure S2).

We further examined the direction of worm movement (forward 
or backward) during turn sequences. This analysis revealed that 
contrary to previous assumptions that turns occur only during 
forward movement (Gray et  al.  2005; Zhao et  al.  2003), turns 
(defined by body contact) also occurred during backward move-
ment. We therefore classified turns (body contact events) based 
on the direction of worm movement during body contact: “F” 
turns if body contact occurred during forward movement (an ex-
ample shown in Figure 3B), and “B” turns if it occurred during 
backward movement (Figure  3D). Additionally, some worms 
exhibited transitions from backward to forward movement 
during body contact (“BF” turns) (Figure 3C). In standard for-
ward F turns, a worm's head typically contacted its ventral side, 
whereas in most turns that occurred during backward move-
ment (B turns), body contacts mostly happened on the dorsal 
side. Quantification of the proportion of each turn type classi-
fied based on forward/backward movement showed that 59.8% 
were forward turns (F), 26.5% were backward turns (B), and the 
remaining turns, which involved transitions between backward 
and forward movements, occurred less frequently (Figure 3G).

Turn sequences, which were defined as continuous turns oc-
curring between a backward locomotion and forward locomo-
tion after the turns, can consist of single turns, or double or 

FIGURE 2    |    The turning angle of turn sequences are regulated depending on chemical gradient. (A) Schematic drawing of a turn sequence. In this 
study we focused on turn sequences after the transition from forward to backward locomotion. Turns were defined as Figure 1D. Forward locomo-
tion follows the end of the turn sequence. (B) Example of a turn and determination of bearing. (left) A sequence of worm centerlines showing back-
ward locomotion, a turn and forward locomotion, was color-coded, with the head marked by orange dots. The bearing was defined for each swing. 
The direction of the worm was determined by averaging the segment angles of the centerline, and the direction of NaCl peak relative to the worm 
direction, ventral side positive, was determined as bearing. (C) A sequence with/without turns. For regular turn sequence (top) pre-bearing and post-
bearing were defined as in Figure 2B at the last swing of backward locomotion before the turn sequence and the first swing of forward locomotion 
after the turn sequence, respectively. The pre-bearing without turns was similarly defined in case no turn followed the backward locomotion (bot-
tom). (D–F) Distribution of pre-bearing (D), Δ-bearing (E), and post-bearing (F). Δ-bearing is the difference between pre-bearing and post-bearing. 
Histograms (bars) in 45° bins, kernel density estimation of the distribution (blue lines), and average angle (arrowhead), are shown for each plot. (G) 
Histogram of cumulative rotation angle (see Materials and Methods). Animals rotate to the ventral side in most cases and the maximum cumulative 
rotation angle can exceed 360°. (H) Distribution of pre-bearing with turns (same as (D)) (left) or without turns (center). The chi-square test revealed 
no significant difference of occurrence probability (right) depending on pre-bearing (χ2 = 8.14, df = 7, p = 0.32). (I) Distribution of hypothetical post-
bearing generated using the randomized pairs of pre-bearing and Δ-bearing (gray bars and line), with overlayed kernel density estimation of actual 
post-bearing (blue, same as F). (J) Bootstrap distribution of the mean-cos(post-bearing) of hypothetical post-bearing (gray) and the actual mean-
cos(post-bearing) (blue arrowhead).
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multiple consecutive turns. Turn sequences were classified 
based on the sequence of turn types, F, B, BF, or FB. As a re-
sult, the five most frequent turn sequence types were as fol-
lows: 48.8% of all turn sequences were single forward turns 
(F). The next three most common types were a backward turn 
followed by a forward turn (B to F), a single backward turn 

(B), and two consecutive forward turns (F to F), each consist-
ing of about 7%. Lastly, about 5% consisted of a single turn 
beginning with a backward movement and ending with a for-
ward movement (BF) (Figure  3H). Mapping these five most 
frequent sequence types onto the t-SNE plot revealed that the 
turn distribution on t-SNE was divided into two halves along 

FIGURE 3    |    Diversity of turn sequences. (A) t-SNE representation of the posture dynamics during turn sequences. A sequence of centerline 
shapes during the turn sequence was assembled as a vector and displayed in a t-SNE map. The cumulative turning angle of each turn sequence was 
color-coded. (B–F) Examples of centerline shape for each turn sequence type, F (B), BF (C), B (D), B to F (E), and F to F (F). Time is color-coded, and 
the numbers indicate the time points. Several time points are shown extracted as insets. In BF, B to F and F to F, the sequence was split into first 
and second half for convenience of viewing. (G) Ratio of each type of turn (F: Forward, B: Backward, BF: Backward then forward, FB: Forward then 
backward) among all turns. (H) Ratio of sequence types among all turn sequences (F: A single forward turn, B: A single backward turn, BF: A sin-
gle turn with backward to forward switch, B to F: A backward turn followed by a forward turn, F to F: A forward turn followed by another forward 
turn). (I) (left) The same t-SNE map as in (A, right), color-coded by turn sequence types categorized as in (H). (right) Separate t-SNE plots of each 
turn sequence type.
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the second t-SNE axis (Dimension 2), with the upper half of 
the plot containing sequences composed of one or two forward 
turns (F, F to F) and the lower half comprising other types of 
turn sequences (Figure 3I). In the lower half, sequence types 
were arranged along the first axis in the order of BF, B, B to 
F, and F to F. This suggests that turn sequence types differ in 
rotation angles and that there are two distinct strategies for 
achieving similar rotation angles.

To visualize actual behaviors, we plotted representative pos-
tural dynamics for the five most frequent turn sequence types 
(Figure 3B–F, Supporting Information Movies S1, see Materials 
and Methods for details). The postural dynamics were highly 
diverse, including variations in body shape when the head con-
tacted the body, diversity in head movements during forward 
movement after a turn, and differences in rotation angles during 
each behavior.

2.5   |   Contribution of Turn Sequence Type 
Selection and Turning Angle Adjustment to 
Adjustment of Turning Angles

How is this behavioral repertoire utilized for adjusting turn-
ing angles? To answer the question, we first plotted the dis-
tributions of pre-bearing, Δ-bearing, and post-bearing for 
each sequence type (Figure 4A). The distribution of turning 
angle (Δ-bearing) was highly biased in some sequence types. 
For instance, in F turns, Δ-bearing had a narrow distribution 
around −160°, indicating that once an F turn occurred, the 
worm rotated so as to finally face nearly the opposite direc-
tion. This distribution showed minimal overlap with that of B 
to F turns, demonstrating the qualitative difference between 
these behaviors. On the other hand, some turns such as BF 
and B had a wider distribution of Δ-bearing. These observa-
tions raise the possibility that either or both the selection of 
sequence type and adjustment of turning angle within a sin-
gle sequence type could contribute to the regulation of overall 
turning angles.

To see whether the occurrence of each sequence type is regu-
lated based on pre-bearing, we compared the distribution of 
pre-bearing across the five sequence types. The frequency of oc-
currence of each of the five sequence types significantly differed 
between bearing angle bins (χ2 = 29.20, df = 12, p = 3.7 × 10−3, 
chi-square test) (Figure 4B). This result supports the hypothesis 
that worms select the sequence types based on bearing before 
the turn sequence.

Next, to assess whether adjustment of turning angles within 
a single sequence type contributes to the selection of proper 
turning angles, we shuffled the correspondence between 
pre-bearing and Δ-bearing for each sequence type and gen-
erated hypothetical distributions of post-bearing based on the 
assumption of independence of Δ-bearing and pre-bearing 
(called intra-type randomization). The results showed that in 
the B to F sequence type, the mean of cos(post-bearing) was 
significantly higher than those expected under the indepen-
dence assumption. In contrast, directionality in other types of 
turn sequences was not significantly different from the ran-
domized distribution (Figure 4C). This suggests that in B to 

F turn sequences, turning angles are adjusted depending on 
pre-bearing to better orient the animals toward the preferred 
direction, whereas this type of adjustment was not evident for 
other turns. Next, to test whether the selection of sequence 
types contributes to the adjustment of turning angles, we 
shuffled the correspondence between pre-bearing and Δ-
bearing across different sequence types (called inter-type 
randomization). For instance, for “F” in Figure 4D, Δ-bearing 
values sampled from either BF, B, B to F, or F to F turns were 
combined with the pre-bearing of F turns. Compared to this 
randomized distribution, actual post-bearing for the F turns 
had a significantly higher mean-cos(post-bearing) value. To 
further clarify the roles of sequence type selection, we took all 
turn sequences (as in Figure 2J), but this time shuffled only 
single turns (F, B and BF) in two ways. When pre-bearing: 
Δ-bearing pairs were randomized across different sequence 
types (inter-type randomization), the mean-cos(post-bearing) 
was significantly higher than that of the randomized distri-
bution (Figure 4E). When pre-bearing: Δ-bearing pairs were 
randomized within each sequence type (intra-type random-
ization), no significant discrepancy was found (Figure  4F). 
Therefore, for single turns, selecting the appropriate se-
quence type is crucial for improving post-turn orientation. 
Randomization across all five types also revealed a significant 
bias of post-bearing (Figure 4G).

Collectively, these findings indicate that turning angle regu-
lation is achieved in a two-step process: (1) selection of the 
sequence type (at least in the case of single turns) and (2) ad-
justment of the turning angle within the selected sequence 
type (for the B to F turns). The combination of these regu-
latory mechanisms across different types of turn behaviors 
enables the worms to turn to a better orientation and fulfill 
efficient chemotaxis.

3   |   Discussion

In the study of chemotaxis in Caenorhabditis elegans, two 
major behavioral mechanisms have been identified: the pir-
ouette mechanism and the weathervane mechanism. Initially, 
the pirouette mechanism was not considered to include turn-
ing angle regulation. However, as suggested when the pir-
ouette mechanism was first reported (Pierce-Shimomura 
et al. 1999) and later rediscovered (Jang et al. 2019), the adjust-
ment of reorientation angles contributes to efficient chemo-
taxis using pirouettes. Since a pirouette consists of a series of 
sequential behaviors including reversals and various types of 
turns, understanding how the reorientation angle is regulated 
within a pirouette required a detailed analysis of its compo-
nent behaviors.

Previous studies investigating the reorientation angle reg-
ulation in pirouettes have primarily relied on centroid data 
(Tanimoto et al. 2017; Jang et al. 2019). In this study, in con-
trast, we extracted centerlines from high-resolution worm 
images, enabling more accurate classification of turning be-
haviors. Additionally, by using transgenic strains with flu-
orescently labeled head, side, and ventral regions, we could 
assign both anteroposterior and dorsoventral axes to the 
worms. This was crucial because worms lie on either side of 
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FIGURE 4    |     Legend on next page.
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the body on the agar surface and therefore the movement is 
asymmetrical. In fact, the distribution of rotation angles in 
the turn sequences was highly skewed toward positive values, 
with a mean of approximately 160° (Figure  2G), indicating 
that most turns resulted in ventral-side rotation. Therefore, 
evaluating turn rotation angles based on the dorsoventral axis 
of the worm, rather than absolute plate coordinate-based ro-
tation angles, provided a clearer description of turn direction 
bias. Furthermore, this fluorescence labeling system allowed 
us to define axial orientation in centerline-based posture mea-
surements, enabling a more detailed analysis of body postures. 
We need to be cautious that it is possible that genetic modi-
fications or exposure to excitation light may have increased 
the turn frequency compared to the natural environment. 
Nevertheless, even under the imaging conditions used in this 
study, chemotactic behavior was still observed, allowing us to 
extract all behaviors that can contribute to efficient chemotac-
tic migration (Figure 1B).

This study focused on turn sequences, which involve signif-
icant posture changes within a pirouette, and demonstrated 
that the turning angles, rather than occurrence probability, 
of turn sequences are regulated depending on the bearing 
of chemical stimulus before the sequence. Furthermore, the 
classification of turn sequences revealed that, for a certain 
sequence type, turning angles are regulated within the type, 
and that the selection of specific sequence types at the initi-
ation of turns contributes to directional improvement. It is 
important to note, however, that this selection is probabilistic 
and not perfectly accurate. Regarding turns initiated by back-
ward movement, no turning angle regulation was detected 
regardless of whether the turn ended in forward or backward 
movement. Therefore, turn sequences containing forward-
directed turns appear to be the most effective in improving 
directional navigation.

The observations in this study revealed previously unrecog-
nized layers of behavioral adjustment for efficient chemotaxis. 
In previous studies, pirouettes have been regarded merely as 
prolonged sets of complex behaviors. However, in this study, we 
have successfully decomposed them into their constituent be-
havioral elements. Furthermore, by categorizing turn sequences 
into distinct types, we have revealed that the sequence type is 
selected according to the pre-bearing angle before the turn se-
quence occurs. This finding raises further questions about how 
such control is achieved. Each behavioral sequence is a chrono-
logical combination of different movements, such as forward/
backward movements, ventral bending, and dorsal bending. It 

is noteworthy that the worms' nervous system can create the 
behavioral program for each type, and the neural mechanisms 
that generate these multiple different programs need to be elu-
cidated in future studies. Previous studies revealed that the tim-
ing of the motor sequence of backward and turning behaviors 
can be flexibly orchestrated by inhibitory interactions between 
motor modules (Wang et al. 2020). Other studies revealed that 
the deepness of body bends can be modulated by neuropeptides 
or neurotransmitters that act on motor neurons and body mus-
cles (Donnelly et  al.  2013; Florman and Alkema  2022). These 
findings from previous studies provide potential insights into 
the neural mechanisms underlying the control of these turn se-
quences. Furthermore, the timescale of the turn sequences that 
we identified aligns with previously proposed nested neuronal 
dynamics and the associated hierarchical temporal structure 
of behavior (Kaplan et al. 2020), supporting the idea that eluci-
dating the control mechanisms at this layer may contribute to 
a better understanding of how neuronal dynamics implement 
behavioral hierarchy.

As mentioned earlier, worms perform chemotaxis by sensing 
salt concentration with a sensory organ located at a single point 
on their head. They therefore need to calculate the salt gradient 
based on the changes in sensory input through limited move-
ment over a short time and distance. While the weathervane 
mechanism and the pirouette mechanism can be explained by 
immediate and reflexive responses at any given moment (Iino 
and Yoshida  2009; Pierce-Shimomura et  al.  1999; Matsumoto 
et  al.  2024), the turn behaviors revealed in this study suggest 
that the calculated salt concentration gradient needs to be stored 
as an internal state, and this information must be reflected in 
the selection of the behavioral sequence type. Therefore, eluci-
dating the neural mechanism for such calculation is highly de-
sired. In addition, the depth of the turn (Δ-bearing) is adjusted 
in a turn sequence type, and in this case it is necessary to clarify 
at which time point the salt gradient is sensed and reflected in 
the adjustment of turn depth. Observing neural activities using 
calcium and voltage sensors in moving animals will be a pow-
erful approach to identify neurons relevant to the regulation of 
these behaviors. Additionally, to achieve temporal resolution in 
understanding sensory regulatory mechanisms, perturbation 
techniques such as optogenetics will be useful in future studies.

More broadly, the behavioral analysis framework employed in 
this study has the potential to contribute to comparative re-
search on navigation strategies across various animal species, 
including not only C. elegans but also birds and fish (Demšar 
et al. 2025; Rodríguez et al. 2021).

FIGURE 4    |    Turn Sequence type selection and turning angle adjustment. (A) Distribution of pre-bearing, Δ-bearing and post-bearing for each 
turn sequence type. See Figure 2D–F for description. (B) Contingency table of pre-bearing segmented into 90° bins and turn sequence type. The 
chi-square test revealed significant relationship between the bearing categories (divided into four bins) and the turn sequence types (χ2 = 29.20, 
df = 12, p = 3.7 × 10−3). (C) Distribution of hypothetical mean-cos(post-bearing), of the randomized post-bearing and actual mean-cos(post-bearing) 
(arrowhead) for each turn sequence type. Pairs of pre-bearing and Δ-bearing were randomized in each sequence type. (D) Distribution of hypothet-
ical mean-cos(post-bearing) and actual mean-cos(post-bearing) (arrowhead), for each turn sequence type. In contrast to (C), Δ-bearing was taken 
from other four sequence types for randomization. (E–G) Distribution of mean-cos(bearing) of hypothetical post-bearing and actual mean-cos(post-
bearing) of all turn sequences, where randomization was performed by taking Δ-bearing from other two of the three single sequence types (F, B 
and BF) (E), or from each single sequence type (F), or from other four sequence types (G). In (C–G), one-sided z-tests were performed with the null 
hypothesis that the actual score is a sample from the randomized distribution.
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4   |   Experimental Procedures

4.1   |   Worm Culture and Strains

C. elegans was cultured at 20°C on Nematode Growth Medium 
(NGM) plates containing 50 mM of NaCl, with Escherichia coli 
NA22 as a food source. We used JN2824 (N2; Ex[pCFJ104(Pmyo-
3::mCherry) + pPD49.26]). In this strain, body-wall muscles lo-
cated all along the periphery of the body and egg-laying muscles 
at the ventral side of the midbody are marked with mCherry 
fluorescence.

4.2   |   Chemotaxis Assays

To quantify the behavior of C. elegans on a chemical gradient, 
we performed a salt chemotaxis assay basically as previously 
described (Kunitomo et  al.  2013; Tomioka et  al.  2016), with 
a total of 99 animals. Adult hermaphrodites were washed 
from growth plates in KP25 buffer (25 mM potassium phos-
phate, pH 6.0, 1 mM CaCl2, 1 mM MgSO4, 50 mM NaCl) and 
conditioned for 6 h on 5 cm NGM plates containing 100 mM 
NaCl with NA22 as a food source. After the conditioning, 
individual animals were picked and transferred to the cen-
ter of a 9 cm plate with a salt gradient ranging from ~35 to 
~95 mM (Kunitomo et al. 2013), and allowed to crawl freely for 
15 min. Under these conditions, animals show migration bias 
toward high salt concentrations (Kunitomo et  al.  2013; Luo 
et al. 2014b).

4.3   |   Tracking Imaging

Time-lapse fluorescence and bright-field images were simul-
taneously acquired using a customized upright microscope 
(BX51, Olympus). The microscope was equipped with an 
LMPLFLN 5× objective lens, U-MF2 filter cube with a di-
chroic mirror (FF493/574-Di01, Semrock) and an excitation 
filter (FF01-468/553, Semrock), and an additional dichroic 
mirror (DM690) that splits the light paths for infrared and 
fluorescence images. The fluorescence images were acquired 
at five frames per second using an ImagEM EM-CCD camera 
(C9100-13, Hamamatsu) with an IR-cut filter and an emis-
sion filter (FF01-617/73, Semrock), under an excitation light 
intensity of 0.27 mW/mm2. Bright-field images to monitor an-
imal movement were captured at 33 frames per second using 
near-infrared illumination from an IR lamp at an intensity of 
0.09 mW/mm2 and an infrared camera (GRAS-03K2MC, Point 
Gray Research). The microscope setup was equipped with an 
XY motorized stage (Hawkvision) for precise tracking along 
the X and Y axes. Image acquisition and stage movements 
were controlled by a custom software, which processed the 
bright-field images to maintain the animal within the micro-
scope's field of view.

Since C. elegans lies on its side on the agar surface, some an-
imals lie with their left side down and others with their right 
side down. Therefore, dorso-ventral orientation of each worm 
was visually scored based on the location of egg-laying muscles 
and used to adjust the rotation directions as worm-centered for 
later analyses.

The correspondence between the time stamps of bright-field 
and fluorescence images were determined by matching the 
stage coordinates with the animal movement estimated from 
the centerline extracted from fluorescence images (see the 
“Estimation of centroid movement from centerlines” section 
for details).

4.4   |   Centerline Extraction

To extract worm centerlines, fluorescence images were first 
binarized, and the silhouettes were skeletonized (Guo and 
Hall 1989; Lam et al. 1992) to generate a line passing through 
the body center. In extended postures, where different body 
parts do not contact each other, this line represents the actual 
centerline. However, in curled postures such as omega or delta 
turns, where different parts of the body contact each other, the 
centerline obtained by the skeletonization algorithm does not 
align well with the true centerline, making it impossible to ob-
tain accurate centerlines using skeletonization alone.

Therefore, for curled postures, centerlines were determined 
using a modified version of WormTracer (Kuze et  al.  2023). 
WormTracer simultaneously optimizes the centerlines in con-
secutive frames by incorporating constraints on the temporal 
continuity of posture dynamics and the smoothness of the cen-
terline while referring to the extended postures before and after 
the curled postures. Extracted centerlines were then visually in-
spected by overlaying them onto silhouettes, and any incorrect 
centerlines were manually redrawn to pass through the actual 
body center (Figure 1C).

The centerline was represented by 100 junction points, forming 
99 equal-length line segments from head to tail. The animal's 
posture and position were described by the angles of the seg-
ments relative to the coordinate axis and the coordinates of the 
centroid of junction points.

4.5   |   Definition of Omega/Delta Turns

Omega turns involve body bends where the head touches the 
body without crossing over, while delta turns involve the head 
crossing the body (Croll  1975; Gray et  al.  2005; Broekmans 
et  al.  2016). However, we realized that there are intermediate 
cases where the head temporarily crossed over the body, then 
slid along the body, and returned to the original side without 
landing on the other side. Therefore, it is difficult to clearly dis-
tinguish omega turns from delta turns, and both were analyzed 
collectively as “turns”. In this study, turns were defined based 
on centerline data as postures in which a body part contacts an-
other body part (Figure 1D).

4.6   |   Analysis of Turning Angle Regulation

Using centerline segments angles, mean angles were cal-
culated at each time point. The vector pointing toward the 
worm's head in this mean angle was considered the body 
direction. The angle between the body direction vector and 
the vector pointing from the position of the worm to the NaCl 
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concentration peak defined as bearing. Thus, bearing of 0° 
indicates the worm is heading straight toward the salt peak, 
while ± 180° indicates a heading away from the peak. The sign 
of the bearing angle was set so that the rotation of the worm 
head toward the ventral side is positive (Figure  2B). The 
circular mean and standard deviation of the bearings were 
calculated as follows. For each angle θi, its Cartesian compo-
nents were determined: xi = cos �i and yi = sin �i. The mean 
Cartesian components were then computed: x = 1

n

∑n
i=1

xi and 
y = 1

n

∑n
i=1

yi. The circular mean angle � was determined as the 
argument of the mean resultant vector (x, y), yielding a value 
in the range [−�, �] radians. This angle represents the signed 
angle, measured counterclockwise from the positive x-axis to 
the direction of the vector (x, y). The mean resultant length 
R =

√
y2 + x2  was used to calculate the circular standard de-

viation s =
√

− 2 lnR. All calculations were performed using 
radians as the unit for angles, and the final mean angle and 
standard deviation were converted to degrees for reporting in 
the manuscript.

Because C. elegans exhibits sinusoidal locomotion, body direc-
tion oscillates during forward or backward locomotion, while 
during turns, the body direction typically rotates in either the 
positive or negative direction. To quantify chemotaxis behav-
iors, we processed the data as follows:

4.6.1   |   Swing Segmentation

Worm movement was segmented into swings based on body di-
rection oscillation, with swing boundaries set at each peak of 
body direction change.

4.6.2   |   Swing Labeling

Each swing was labeled as forward or backward based on the 
movement direction (see below for details), and also as whether 
a turn (as defined above) occurred or not.

4.6.3   |   Turn Sequence

For turn sequence analysis (Figures 2–4, described in detail 
in the following sections), a turn was defined as a sequence 
of consecutive swings labeled as turns. Then, a “turn se-
quence” was defined as a sequence of consecutive turn behav-
iors occurring between a backward locomotion and forward 
locomotion after the turns, and focused our analysis on such 
sequence events. The mean bearing during the last back-
ward swing before the turn sequence (pre-bearing) and the 
mean bearing during the first forward swing after the turn 
sequence (post-bearing) were compared. Δ-bearing was deter-
mined simply by subtracting pre-bearing from post-bearing. 
All angles were expressed in degrees between −180° and 180°, 
except for the cumulative rotation angle, which represented 
the sum of directional changes between consecutive time 
points.

To analyze the regulation of turning angle, we performed 
a permutation test followed by a Z-test to compare the 

mean-cos(bearing) of actual post-bearing with the distribu-
tion of mean-cos(bearing) of the hypothetical post-bearing. 
The hypothetical post-bearing was calculated by shuffling 
the Δ-bearing values across trials and adding them to the pre-
bearing values.

4.7   |   Analysis of Occurrence Probability 
Regulation

In the analysis of the regulation of occurrence probability, we 
performed a chi-square test to see whether the occurrence of 
turn sequence or the occurrence of five types of turn sequences 
is distributed differently between different bins of pre-bearing 
or is independent of pre-bearing.

4.8   |   Dissection of Turn Sequence by t-SNE

As described earlier, the centerline information at each time 
point is represented by a vector of 99 segment angles (designated 
θt,i where t is time and i is the segment number 1, 2, …, 99). To 
visualize the diversity of turn sequence behaviors, for each turn 
sequence (consecutive swing including turn events), we ex-
tracted a time span from the midpoint of the last swing in back-
ward locomotion before the turn sequence (tstart) to the midpoint 
of the first swing in forward locomotion after the turn sequence 
(tend). From each set of θt,i (t = tstart, …, tend), a constant was sub-
tracted to make mean(θ′tstart,i) = 0. Because the time spans are 
of various lengths, the adjusted θ′t,i (t = tstart, …, tend) was trans-
formed to 30 θ′t,i vectors by linear interpolation of the time di-
mension. The resulting 30 × 99 matrices were then flattened into 
vectors of length 2970 and subjected to two-dimensional t-SNE.

4.9   |   Estimation of Centroid Movement From 
Centerlines

Due to the lack of synchronization between the stage con-
troller and image acquisition software in our imaging setup, 
we needed to match the timestamps of these controllers. To 
achieve this, we estimated centroid movement solely from the 
centerline time series obtained from the images. The resistive 
force acting on each segment of the worm from the substrate is 
composed of components normal and tangent to the segment 
as follows:

where Δxi is the movement vector of the midpoint of i'th center-
line segment during a short interval (∆t), which can be decom-
posed to the movement vector of the centerline centroid, Δx(C), 
and movement of each centerline segment midpoint relative to 
the centroid, Δxi

(r). ri and μi are the friction coefficients nor-
mal and tangential to the i'th segment, respectively; νi and λi 
are the unit vectors normal and tangential to the i'th segment, 
respectively.

F i = rivi
(
vi ⋅Δx i

)
+�i�i
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According to the resistive force theory (Keaveny and 
Brown 2017), translation of the worm during a short interval ∆t 
is equivalent to the amount that makes the sum of Fi zero.

Solving the equation yields:

where Δx(c) = (Δx(c), Δy(c)), Δx(r)
i = (Δx(r)

i, Δy(r)
i). Suffices x and y 

on v and μ denote the x- and y-components of each vector. Values 
Δx(r)

i, Δy(r)
i, vx,i, vy,i, μx,i, and μy,i were computed from the center-

line segment angles at each time point. The time interval ∆t was 
1/100 of the time step of fluorescence images (2 ms) and center-
line data for each fraction time was deduced by linear interpola-
tion. For simplicity, we put ri = 1, and μi = 0 for all i, because this 
setting provided sufficiently accurate estimation (Figure S1).

Forward/backward movement estimation was performed based 
on Δx(c) and Δx(r)

i estimated as above. At three points along the 
body (head tip, tail tip, and midbody), the component of Δxi tan-
gential to the centerline segment was calculated. The forward/
backward worm movement label at each time point was deter-
mined by majority vote of the signs of these components.
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