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ABSTRACT

Caenorhabditis elegans can generate locomotion under various environments with completely different drag levels. Therefore,

animals should have strategies for adapting to the changes in the dynamics of locomotion imposed by various environments.

We hypothesized that co-contraction between the ventral and dorsal body wall muscles plays such a role and validated the

presence of a co-contraction strategy through both experimental and mathematical modeling approaches. To this end, the

fluorescence of calcium ion (Ca2+) corresponding to a part of activities of the body wall muscles was measured. The results

indicated a significant difference in the co-fluorescence rate between the animals moving in low- and high-drag environments.

The contribution of co-contraction to the dynamics of locomotion was then analysed using a body dynamics model. The

simulation results suggested that co-contraction allows the dominance of body stiffness over viscous drag so that the phase

difference between the local curvature of the body and muscle activities can be maintained under different environmental drag

levels. Therefore, co-contraction can be an effective strategy for adapting to environmental drag that changes the dynamics of

locomotion.

Introduction

The nematode Caenorhabditis elegans (C. elegans) is a small roundworm with a length of approximately 1.0 mm and radius of

50 µm. Because of its size, its movement is associated with a low Reynolds number indicating that viscous drag is dominant in

the environment1–4. In contrast, the body of the animal is dominated by stiffness when the primary source of stiffness is the

cuticle that constitutes the outer shell of the body5, 6 and the internal pressure imposed by the fluid skeletal structure7. The

locomotion dynamics depending on both body stiffness and viscous drag can be changed drastically because the animal dwells

in completely different drag environments8, such as compost9, spoiled fruits10, and exoskeletons of gastropods11. Therefore,

C.elegans should have strategies for adapting to changes in the dynamics of locomotion imposed by different environments.

To clarify the mechanism of adaptive motion generation in C. elegans, Berri et al.12 constructed a mathematical model that

integrates a neural circuit and a body dynamics model; they explained the continuous changes in the undulation wavelength

of the body responding to viscous drag in an environment4. These studies revealed some important strategies for adaptive

motion generation13. However, most model studies focused on the wave propagation of a body and assumed that motor neurons

alternately contract the body wall muscles on the dorsal and ventral sides. In doing so, they ignored co-contraction on both

sides of the muscles, which can change the mechanical properties of the body. This may cause the following discrepancy

between theoretical analysis and experimental observation. Mathematical analysis by Fang-Yen et al.14 predicted a large phase

difference between muscle activity and the generated local curvature in a high-viscosity drag environment. However, Butler et

al.15 compared body curvature with muscle activity measured through calcium imaging and reported that the phase difference

between the curvature and muscle activity was nearly constant, irrespective of the viscous drag.

To understand the mechanical properties of the body, our group performed an experiment wherein C. elegans moved along

an agar plate. We compared three parameters—curvature, angular velocity, and angular acceleration— against muscle activity.

Multiple regression analysis revealed that the partial correlation coefficient of the curvature was the dominant explanatory

variable16. This indicates that stiffness is the dominant factor in locomotion dynamics, even when the animal moves in a viscous

environment with a small Reynolds number. Therefore, the discrepancy between the experimental results15 and predictions of

the mathematical model14 suggests that the stiffness of the body may be insufficient to maintain stiffness-dominant locomotion

dynamics in an environment with high viscous drag. Regarding this, it reported that muscle tone increases body stiffness17. If



Figure 1. The cross-sectional diagram of the body. The green ellipses correspond to four lines of the body wall muscles extending from the

head to the tail.

the animal co-contracts the body wall muscles on both the ventral and dorsal sides (see Fig. 1), the force generated at both the

sides can be cancelled, and co-contraction can contribute only toward increasing the body stiffness without interrupting the

generation of undulatory motions. Thus, co-contraction can be an effective strategy for maintaining body stiffness.

This study aimed to reveal whether C. elegans employs co-contraction. To this end, we configured low- and high-drag

environments to observe the phase differences between muscle activity and the curvature of the animal. Because it is difficult to

measure the force exerted by the individual muscle cells directly, we measured muscle activity using a strain that expresses a

fluorescent protein on the body wall muscle. In addition, we simulated the motion of C. elegans using a body dynamics model

incorporated with the measured mechanical property proposed by Cohen’s group13, 18, 19 to clarify whether co-contraction

contributes toward maintaining body stiffness.

Materials and Methods

Strains and culture

Caenorhabditis elegans HBR4:goeIs3[pmyo-3::GCamP3.35::unc-54-3’utr,unc-119(+)]V20 and Escherichia coli (E. coli)

OP50 strains were obtained from the Caenorhabditis Genetics Center (The University of Minnesota, Minneapolis, MN, USA).

The animals were cultured at 20 ◦C21 on 10-cm Petri plates (IWAKI non-treated dish, AGC Techno Glass, Shizuoka, Japan)

containing with 20 mL of nematode growth medium (NGM)22 on which E. coli was spread and incubated overnight at 37 ◦C.

We used well-fed adult hermaphrodites, synchronously cultured for approximately three days after hatching, in all experiments.

Preparation of drag assays

The fluorescence intensity of the body wall muscle was measured under free movement conditions on a 6-cm Petri plate (IWAKI

non-treated dish, AGC Techno Glass, Shizuoka, Japan) containing with 10 mL of the NGM. Drag assay was performed 10 days

after preparing the NGM plates, with a moisture content of approximately 84%. Hereafter, the surface of the plate is referred to

as the low-drag environment. Six to ten animals were picked up from a culture plate using a platina picker (WormStuff Worm

Pick, Genesee Scientific Corporation, San Diego, CA, USA) and washed twice in wash buffer23 drops on a 6-cm Petri plate

without NGM24. The animals were then picked up and transferred to a NGM plate. Subsequently, to evaluate the effects of drag

on C. elegans motility, we employed a 2.1-cm square-cut polyethylene terephthalate film (Lumirror film T60125mm, JMT

Corporation, Osaka, Japan), 125 mum thick and weighing 79.9 mg, and placed it on the NGM plate to cover the animals gently.

Hereafter, this environment is referred to as the high-drag environment.

Preparation of antithesis assay

To measure the fluorescence in the absence of muscle activation, we used an anesthetic. Washed animals were transferred to the

NGM plates in the same manner as with the drag assays, and four to six drops of 2 muL of 500 mM sodium azide were placed

on the NGM plate to anesthetize the animals25.
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Video recording of CCC...eeellleeegggaaannnsss

To observe the muscular contraction and extension body-wall muscle cells during crawling (forward motion, backward motion,

and turn) on an NGM plate, the HBR4 C. elegans, in which reporter gene is used to express the calcium indicator GCaMP3.35

in all body-wall muscle cells, was used. In drag assays under low- and high-drag environments and anesthesia assays, the

fluorescence of calcium ion (Ca2+) corresponding to muscular contraction in animals was video recorded using a digital camera

(High-Speed EXILIM, Casio Computer Co., Ltd, Tokyo, Japan) mounted on a fluorescence stereomicroscope (SZX16, Olympus

Corporation, Tokyo, Japan) at 29.97 frames per second and a resolution of 480×640 pixels. The fluorescence emitted from

the body-muscle cells was band-pass filtered at wavelengths of 490 to 560 nm using a fluorescent filter unit (SZX2-FYFPHQ,

Olympus Corporation, Tokyo, Japan). Six or more individuals were video recorded for at least 5 s in low- and high-drag

environments, respectively. For anesthesia assay, five anaesthetized animals were video-recorded for at least 20 s.

Fluorescence intensity measurement

To measure the fluorescence intensity of the body-wall muscles from the recorded video, we tracked the bodies of the animals.

The local fluorescence intensity and curvature were extracted from the fluorescent video. The following describes the measure-

ment procedure.

Step 1: C. elegans tracking

The body of the animal was tracked using worm-tracking software (WormLab, MBF Bioscience, Williston, USA) from the

recorded video data, and the tracked body line was equally divided into N points along the body axis. The local curvature of the

body was then obtained from the position coordinates of each division point.

Step 2: Extraction of the body range

To determine the body range and measure the fluorescence intensity, the pixel values Y (x,y) at pixel coordinates (x,y)
(x = 1,2, · · · ,640, y = 1,2, · · · ,480) were binarised. The pixel set inside the body FFF and outside the body F̄FF were determined

based on the coordinates of the body outline obtained from the tracking software. The values of the pixels inside the body were

then set at {Y (x,y) = 0|(x,y) ∈ FFF}, and those outside the body were set at {Y (x,y) = 1|(x,y) ∈ F̄FF}. Dilation and erosion was

then performed to remove the noise included in Y (x,y).

Step 3: Measuring fluorescence intensity

Let us denote the coordinate vector of a division point i determined in Step 1 as pppi = (px,i, py,i) (i = 1,2, · · · ,N) (see Fig. 2).

The distance di from the midpoint of the straight line connecting two adjacent points, pppi and pppi+1, to the outside of the body in

the direction of the unit vector perpendicular to this straight line was calculated (see the lower left part of Fig. 2).

First, the coordinates hhhe = ⌈(pppi−1 + pppi)/2+ evvvi⌉ (where ⌈·⌉ is the ceiling function for a real number) were scanned at

increments of e = 1,2, · · · ,E. The distance from the body axis to the outside of the body was determined as the pixel value

changed from Y (hhhe−1) = 0 to Y (hhhe) = 1. If the pixel value of Y (hhhE) = 1 was not detected after scanning approximately twice

the body width (E = 30), or Y (hhh0) = 1 when e = 1, the video data were considered inappropriate and excluded from analysis.

Based on the measured distance di, we define the squares AAAiBBBiCCCiDDDi (AAAi = ⌈(pppi + pppi−1)/2⌉, BBBi = ⌈AAAi + divvvi⌉, CCCi =
⌈DDDi + divvvi+1⌉, DDDi = ⌈ (pppi + pppi+1)/2⌉) as shown in the lower right corner of Fig. 4. The fluorescence intensity G(PPP) at the

coordinates inside the square PPP = (x′,y′) were obtained, and the average fluorescence value inside the square was obtained.

Here, k = v and d denote the ventral and dorsal sides, respectively.

The fluorescence intensity is converted to the fluorescence rate using the following equation15:

Ḡ′k
i,t =

Ḡk
i,t − Ḡk

i,min

Ḡk
i,min

(Ḡk
i,min > 0) (1)

where Ḡk
i,min represents the average fluorescence intensity in the absence of muscle activation under anaesthesia. Finally, for

each division point i, the co-fluorescence component GI,i,t and the difference component GA,i,t of the fluorescence rate are

calculated as follows:

GI,i,t = min(Ḡ′v
i,t , Ḡ

′d
i,t) (2)

GA,i,t = Ḡ′v
i,t − Ḡ′d

i,t (3)

3/12



Figure 2. Measuring the distance di and the definition of the quadrangle in the fluorescence image.

Simulation

To clarify the effect of co-contraction on the motion of the animal, we simulated the motion using a body dynamics model

proposed by Cohen’s group4, 13. We used the C++ code provided by Izquierdo et al.19. The body dynamics model is composed

of 51 dorsal and ventral pairs of points (50 segments) that approximate the body shape. The points are mutually connected to

each other with muscles, viscosity, and stiffness elements. The mechanical parameters were derived from the experimental data.

The body dynamics model was driven by muscle activity. The motion was generated by solving the motion equation between

force exerted by the muscles and drag of the environment.

We provided muscle activation Fk
j with the co-contraction component using the following equation, considering that the

movement of C. elegans was periodic and that the decays of undulation amplitude from the head to the tail.

Fd
j = max(

A

log( j+1)
sin(2π f t −φ j)+b,b)

Fv
j = max(

A

log( j+1)
sin(2π f t −φ j +π)+b,b)

(4)

where A = 0.48 rad is the amplitude, f = 0.4 Hz is the frequency, t denotes the elapsed time (in seconds), φ j = 4π j/24 rad is

the phase difference at segment j, and b is the co-contraction component. These parameters were determined by trial and error

to approach the motion measured in experiments. The curvature at segment j was calculated from the angular velocity ω j along

with the centerline of the body. The phase difference between the curvature and Fk
j was evaluated.

Based on the coefficient of drag on the agar surface, the tangential drag coefficient in a low-drag environment was set to

C‖ = 3.20×10−3, the normal drag coefficient was set to C⊥ = 1.28×10−1. The drag coefficient in a high-drag environment

was set to twice the low-drag environment (C‖ = 6.40×10−3, C⊥ = 2.56×10−1).

To clarify how the phase difference between muscle activity and the curvature changes when a co-contraction component is

applied to two drag environments, simulations were performed with different b.

Results
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Figure 4. Measured fluorescence rates and curvature. (a) and (b) show examples of the fluorescence rate measured from an
individual worm moving in low- and high-drag environments, respectively. The x-axis denotes the division points, y-axis
denotes time, and colour represents the fluorescence rate. (c) shows the fluorescence rate average of all individuals in the low-
and high-drag environments at each division point. The x-axis denotes the division points, and the y-axis is the average
fluorescence rate. Blue and green lines indicate dorsal and ventral sides, respectively. (d) shows the curvature of individuals
moving through the low- and high-drag environments. (e) shows the phase difference between the curvature and difference
components of the fluorescence rate averaged over individuals and division points.
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Negligible effect of environmental drag on the phase difference between local curvature and fluorescence

rates

We measured the fluorescence intensity of the body wall muscles for five individuals paralysed with sodium azide for 306.77

s to derive the fluorescence intensity in the absence of muscle activity. Fig. 3 shows the average intensity of all individuals

calculated for each division point. This result indicates that less fluorescence is emitted from the body wall muscle in the

absence of its activation. This average intensity was substituted into Ḡk
i,min in Equation (1). All the fluorescence rates shown

below were calculated using this Ḡk
i,min.

We then simultaneously measured the fluorescence rate of the body wall muscle and curvatures for six and nine animals

moving freely the in low- and high-drag environments, respectively. The total measurement time in the low-drag environment

was 392.89 s, and that in the high-drag environment was 430.63 s. Figs. 4(a) and (b) show 10 s examples of the fluorescence

rates of the individuals moving in the low- and high-drag environments, respectively. Fig. 4(c) shows the average of the

fluorescence rates over all individuals in the low- and high-drag environments. A Student’s t-test comparison of the average

fluorescence rate over all individuals and division points indicated that the fluorescence rate of the animal moving in the

high-drag environment was significantly higher than that of the animal moving in the low-drag environment (p < 0.05).

Fig. 4 (d) shows the curvatures measured from animals in the low- and high-drag environments. The phase difference

between the curvature and the difference component of the fluorescence rate GA,i,t (see Eq.(3)) was then calculated for each

division point i = 1,2, · · · ,N = 24. Fig. 4(e) presents the phase differences averaged over individuals and division points. We

compared the obtained phase differences between the low- and high-drag environments using a Student’s t-test and found no

significant difference (p = 0.565). The average of the phase differences was approximately 9 degrees, which is consistent with

that reported earlier15. These results confirmed that the environmental drag has little effect on the phase difference between the

curvature and difference component of the fluorescence rates.

The environmental drag affects the co-fluorescence component between ventral and dorsal body wall

muscles
We then derived the co-fluorescence component GI,i,t (see Eq. 2). Fig. 5(a) shows GI,i,t obtained from each animal over 10 s

moving in the low- and high-drag environments, respectively. The figure indicates that the co-fluorescence component in the

high-drag environment is larger than that in the low-drag environment. Fig. 5(b) compares the co-fluorescence components at

each division point between low- and high-drag environments using a Student’s t-test. The comparison showed that at 19 of the

N = 24 division points, the co-fluorescence component in the high-drag environment was significantly larger than that in the

low-drag environment (p < 0.05). Because the co-fluorescence component reflects co-contraction of the muscles, the above

results indicate that the dorsal and ventral body wall muscles co-contract against the drag imposed by the environment.
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Figure 6. Simulation results of the body dynamics model. (a) shows the input of dorsal and ventral muscle activities with
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activation. (b) shows the image obtained by sampling the generated motion at equal time intervals with b = 0.0 and 0.2. (c)
shows the curvature at b = 0.0 and b = 0.2. The x-axis denotes the division points, y-axis indicates time, and colour represents
the curvature. (d) shows the individual average of the phase difference between the input muscle activity and curvature when
b = 0.0 · · ·0.4. The x-axis denotes the co-contraction value, and the y-axis denotes the phase difference.
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Co-contraction decreases the phase difference between muscle activity and the curvature

The experimental results presented in the previous section suggest the co-contraction of the dorsal and ventral body wall

muscles. However, it is difficult to clarify the effect of co-contraction on locomotion dynamics with this experimental approach.

Therefore, we performed a motion generation simulation using a body dynamics model.

Motion was generated by applying the muscle activity defined in Eq. 4 with the co-contraction parameter b= 0.0,0.05, · · · ,0.4.

Fig. 6(a) shows the applied muscle activation with b = 0.0,0.2, (b) shows simulated motion driven by the muscle activation

under the low-drag environment, and (c) shows the corresponding curvatures. The figures show that the co-contraction

component reduces the amplitudes of the curvatures.

We then calculated the phase difference between the inputted muscle activity and the simulated curvature averaged over

all division points. Fig. 6(d) shows the resulting phase difference in both the low- and high-drag environments. The phase

difference in the low-drag environment without co-contraction (b = 0.0) is approximately 12 degrees, which is close to the

measured value15; however, the phase difference increases to 23 degrees in the high-drag environment. Nevertheless, the

co-contraction parameter b can decrease the phase differences, and at approximately b = 0.05,0.1, the phase difference in

the high-drag environment approaches the measured value. These results indicate that co-contraction can cancel the phase

difference imposed by the high drag of the environment.

Discussion

In this study, we analysed whether C. elegans employs a co-contraction strategy to counter the effect of drag on locomotion

dynamics. Video analysis revealed that the co-fluorescence between the ventral and dorsal sides of the body wall muscles

significantly increases against the drag of the environment (see Fig. 5). To understand the effect of co-contraction on the

locomotion dynamics, we used a body dynamics model developed by Cohen’s group4, 13, 18, 19 to simulate motion using muscle

activation. The result showed that co-contraction can reduce the phase difference between muscle activity and the local

curvature (see Fig. 6). This is because muscle activation increases the stiffness of the body so that the mechanical properties of

the body dominate the effect of the viscous drag on the locomotion dynamics. Therefore, co-contraction can be an effective

strategy that allows the animal to generate motion under environments with different drag levels.

Previous model studies implicitly assumed that the body wall muscles alternately contract on the dorsal and ventral

sides4, 12, 26. With this assumption, theoretical studies predicted that the phase difference between the body curvature and muscle

activity varied considerably, depending on the environment14. However, experimental studies showed that the phase difference

is consistent under different viscous drags15. Therefore, co-contraction strategy may explain this gap between experimental and

theoretical studies.

The simulation performed in this study represents co-contraction using bias terms (see Eq. 4), but the co-fluorescence

component in the video analysis shows that the co-fluorescence component propagates from the head to the tail (see Fig. 5).

Increasing the stiffness along with the local curvature is more energy efficient than simply adding the bias component.

To control co-contraction, it is necessary to obtain drag information from environments. Therefore, co-contraction may

be associated with DVA neurons, which can respond to whole body curvature27. However, dorsal and ventral motor neurons

are connected in a mutually suppressed manner to alternately contract the muscles28. Thus, neural-network- level analysis is

required to understand how co-contraction is controlled.

Conclusion

In this study, we measured the activity of the body wall muscles of C. elegans using its fluorescence intensity. The analysis

revealed the co-fluorescence component of the ventral and dorsal sides of the body wall muscles; this co-fluorescence component

increased with environmental drag. Our results suggested the presence of a co-contraction strategy. Through simulations,

we confirmed that co-contraction is required to maintain a constant phase difference between muscle activity and the local

curvature, irrespective of environmental drag. The energy-efficient control mechanism of the co-contraction strategy requires

further investigation involving both experimental and mathematical approaches.
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Figures

Figure 1

The cross-sectional diagram of the body. The green ellipses correspond to four lines of the body wall
muscles extending from the head to the tail.



Figure 2

Measuring the distance di and the de�nition of the quadrangle in the �uorescence image.



Figure 3

Average �uorescence intensity measured from anaesthetised animals. The x-axis denotes the division
points, and the y-axis represents the �uorescence intensity. The blue and green lines show the individual
averages of the �uorescence intensity at the dorsal and ventral sides, respectively. The error bars indicate
standard deviations.



Figure 4

Measured �uorescence rates and curvature. (a) and (b) show examples of the �uorescence rate
measured from an individual worm moving in low- and high-drag environments, respectively. The x-axis
denotes the division points, y-axis denotes time, and colour represents the �uorescence rate. (c) shows
the �uorescence rate average of all individuals in the lowand high-drag environments at each division
point. The x-axis denotes the division points, and the y-axis is the average �uorescence rate. Blue and
green lines indicate dorsal and ventral sides, respectively. (d) shows the curvature of individuals moving
through the low- and high-drag environments. (e) shows the phase difference between the curvature and
difference components of the �uorescence rate averaged over individuals and division points.



Figure 5

Co-�uorescence component. (a) shows an example of a co-�uorescent component. The x-axis denotes
division points, y-axis denotes time, and colour represents the �uorescence rate. (b) shows the average of
the co-�uorescent component over all individuals. The x-axis denotes the division points, and the y-axis
represents the average co-�uorescence rate.



Figure 6

Simulation results of the body dynamics model. (a) shows the input of dorsal and ventral muscle
activities with b = 0:0 and 0:2. The x-axis denotes the division points, y-axis represents time, and colour
represents the inputted muscle activation. (b) shows the image obtained by sampling the generated
motion at equal time intervals with b = 0:0 and 0:2. (c) shows the curvature at b = 0:0 and b = 0:2. The x-
axis denotes the division points, y-axis indicates time, and colour represents the curvature. (d) shows the
individual average of the phase difference between the input muscle activity and curvature when b =
0:0...0:4. The x-axis denotes the co-contraction value, and the y-axis denotes the phase difference.
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