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Analysis of a Roll Resulting from Out-of-Plane Displacements
of the Nematode Head

This section provides numerical evidence that an out-of-plane
displacement of the nematode head segment alone is insuffi-
cient for producing the rapid roll reorientation of the nematode
body (observed in our experiments). In our simplified numerical
model, a segment of length [, is displaced out of the undulation
plane by a tilt angle

0" (1) = ™™ A k(sn + Ag), [S1]

where 0™ is the maximal tilt angle, s, = vs¢t + L is the head
position at time ¢, « is the harmonic curvature function (Eq. 3 in
the main text), A is the curvature-wave amplitude, and A¢ is the
phase shift between time variation of the head curvature x(sp)
and head tilt.

The tilt is achieved by rotating the head segment about the unit
normal vector 7 located at the body coordinate s’ = L — I, that
is, at the bead separating the head segment from the rest of the
body. As in the main text, s’ = 0 denotes the coordinate of the
tail and s’ = L is the coordinate of the head.

Fig. S1 shows the roll rotation rate per undulation period w
versus head-length fraction f, = 1,/L of C-shaped nematodes
undergoing modulated head tilts, Eq. S1, for A¢ and various max-
imum tilt angles ™. The roll rotation rate is well below what is
observed in our experiments, even for large 6™ and f;, = 0.3. This
value of f, corresponds to the fraction of the body innervated by
the nerve-ring motor neurons (1-3), which is thought of as being
capable of 3D movements. Simulations with different values of
the phase shift A¢ show that the roll rotation rate associated with
the tilt of the head segment does not exceed 60°.
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Application to Chemotaxis

Here we demonstrate that a nematode can efficiently chemotax
in 3D using planar turns and roll maneuvers. We focus on the
klinokinesis, a chemotaxis strategy in which the nematode varies
the frequency of directional changes of its trajectory to achieve
longer runs in the favorable direction. The changes of the fre-
quency of turns occur in response to a chemotactic signal associ-
ated with the chemoattractant concentration variation. C. elegans
has been shown to use this strategy in planar chemotaxis when it
crawls on an agar surface (4, 5). Our calculations demonstrate
that klinokinesis is also effective in 3D undulatory locomotion in
which 3D reorientation is achieved via a combination of planar
turns and rolls.

In our model, the turn frequency is controlled by the
chemotaxis-response signal

Q(t) = /Ot C(t—t)YM(tdt', [S2]

where C'(t) is the chemoattractant concentration at the position
of the sensory openings (nematode head). The memory function
M (') in Eq. S2 decays with time and satisfies the ideal adapta-
tion condition

/°° M(')dt' =0, [S3]
0

which ensures that there is no response to a constant chemoat-
tractant concentration. In our numerical calculations we use

M(t) = e {(et) - %(et)ﬂ, [S4]

where e is the memory-time constant. Eqs. S2-S4 mimic the
combined transient response of ON and OFF chemosensory

Bilbao et al. www.pnas.org/cgi/content/short/1706754115

neurons of C. elegans to variation in chemoattractant concentra-
tion. A similar memory function has been used to describe bac-
terial run-and-tumble chemotaxis (6).

To represent the experimentally observed sigmoidal response
of the turn frequency to the chemoattractant concentration vari-
ation (4, 5), we assume that the turn initiation rate rs(Q) has
a region linear in @ and lower and higher turn-rate saturation
limits r” and )/,

rfs Q)< rf
Q) ri<f(Q) <1l [S5]
r < f(Q)

75(Q) =

where

FQ)=r[1- 0. Q(t)]. [S6]
The parameter r? is the turn initialization rate in the absence of
chemoattractant, and o is a chemical sensitivity parameter. The
nematode also performs roll maneuvers initiated at a constant
rate 2.

The nematode burrows or swims using the default harmonic-
curvature locomotion mode with A/¢ ~ 1 and switches ran-
domly to a turn or roll mode at the corresponding initiation rates
rs(t) and rf. The gait parameters and chemosensory-control
parameters used in our simulations are listed in Table S1. To
assess the effect of the nematode gait and dynamics on the
chemotaxis efficiency, we use the same chemosensation and turn-
rate parameters for the burrowing and swimming cases.

The effectiveness of chemotaxis in 3D is evaluated using a
geometry analogous to a typical experimental setup for investi-
gating 2D chemotaxis on an agar surface (7, 8). Accordingly, as
depicted in Fig. S24, the nematodes are placed at a designated
starting point at the edge of a Gaussian chemoattractant concen-
tration distribution; the chemotaxis efficiency is determined by
comparing the number of nematodes that reach a spherical test
region at the chemoattractant concentration peak with the num-
ber of those that reach a symmetrically placed control region in
a low-concentration domain.

The chemotaxis efficiency is quantified using the chemotaxis
index

i (t) — ne(t)
ne(t) + ne(t)’

where n(¢) and n.(¢) denote the number of nematodes that
reached the test and control regions, respectively, during the
time interval [0, ¢]. The simulation of a nematode trajectory is
terminated when the nematode enters either the test or the con-
trol region [in 2D laboratory experiments these regions usually
contain anesthetic to immobilize the nematodes (8)].

The spatial concentration of chemoattractant is given by a 3D
Gaussian distribution

C ~ exp (—r2/202) [S8]

with the peak position at a distance W = 36L from the starting
point and the width ¢ = 0.4W. The diameter of the test and
control regions is D = 10L. For the worm length L = 1 mm, the
starting point is thus at a distance 3.6 cm from the chemoattrac-
tant concentration maximum, and the test and control regions
have a 1-cm diameter (similar to the geometry of 2D experiments
in a Petri dish). A sample trajectory of a swimming nematode
reaching the test region is shown in Fig. S2B.

Fig. S3 depicts the chemotaxis index Eq. S7 for two cases: (i)
burrowing nematodes (no transverse slip) and (if) swimming C-
shaped nematodes. The results show that the chemotaxis index is

CI(t) = [S7]
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significantly greater than zero for both burrowing and swimming,
indicating a clear trajectory bias toward the chemoattractant con-
centration peak. Moreover, the chemotaxis efficiency of burrow-
ing and swimming nematodes is approximately the same; the
burrowing nematodes, however, are able to reach the chemoat-
tractant more quickly (and thus saturate the chemotaxis index
CI at shorter times) than their swimming counterparts, due to a
higher speed of motion.

The similarity of the saturation values of CI in burrowing and
swimming results from two compensating effects: (/) The chem-
ical signal Eq. S2 is weaker in the swimming case because, as a
result of their lower velocity, swimming worms detect a smaller
time variation in chemoattractant concentration and (ii) the
directional persistence length A, is larger for swimming trajec-
tories, because of lower turn effectiveness (Fig. 7). The smaller
time variation dC'/d¢t = V C'-v (where v is the nematode velocity)
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Fig. S1. (A) Roll rotation rate per undulation period w

Z-X View X-Y View

vs. head-length fraction f, = I,/L for a C-shaped nematode performing curvature-modulated

head tilt with maximal head tilt angles 6™ as labeled. (B) z-y, z—x, and x-y views (from Left) of a swimming nematode tilting its head at a maximal angle

of 45°. The blue circles mark the chain section that is tilted.
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Fig. S2. (A) Top view of the simulated chemotaxis assay in 3D. Nematodes are initialized with a random orientation at the green symbol x located midway
between the position of a Gaussian chemoattractant concentration peak (Right) and a spherical control region represented by the red circle (Left). The blue
circle (Right) represents a spherical test region. (B) Views of a simulated path followed by a chemotaxing C. elegans in a 3D fluid.
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Fig. S3. Chemotaxis index C/ vs. time for burrowing and swimming nematodes in 3D. The sensing parameters for the burrowing and swimming cases are
the same, but the undulation frequency of the swimmer is four times larger than the undulation frequency of the burrower.
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Table S1. System parameters for 3D simulations of chemotaxis
of burrowing and swimming C. elegans

Parameter Name Value

o Chemoattractant sensitivity parameter 5s/mm

r? Turn initiation rate 10 turns/min

rH Upper turn-rate saturation limit 15turns/min

rt Lower turn-rate saturation limit 5turns/min

ro Roll initiation rate 37 rolls/min

€ Memory time constant 165"

A1/q Forward mode normalized amplitude 1

fp Burrowing gait frequency 0.445"

fs Swimming gait frequency 1.75s"

Qburrol Burrowing gait normalized wavevector 9

QswimlL Swimming gait normalized wavevector 5.5

L Worm length 1mm
The chemoattractant sensitivity parameter o, = «5/VC|,—, is nor-

malized by the maximal chemical concentration gradient located at r =o.
The memory time constant ¢ is chosen to correspond to ~5s half-decay
response time of sensory neurons to the step increase of chemoattractant
concentration (1).

1. Suzuki H, et al. (2008) Functional asymmetry in Caenorhabditis elegans taste neurons and its computational role in chemotaxis. Nature 454:114-118.
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Movie S1.  Planar turns of a swimming nematode. Shown is a comparison between a swimming wild-type C. elegans performing a series of planar turns and

a matching simulation.

Movie S1

Movie S2. A roll maneuver of a swimming wild-type C. elegans. Within one period of undulation the nematode rotates by ~90°.

Movie S2
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Movie S3. Simulation of torsional rolls of a swimming nematode. Shown are front and top views of a simulated swimming C-shaped nematode executing
two consecutive three-mode rolls with the normalized torsion 7oL = 2 and mode length gAs™ = 2.7.

Movie S3

Movie S4. Simulation of 3D locomotion of a burrowing nematode. The nematode performs a sequence of planar turns and roll maneuvers; a combination
of these maneuvers enables the nematode to explore 3D space.

Movie 54
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Movie S5. Simulation of 3D locomotion of a swimming nematode. Shown are isometric and stereoscopic views of a swimming nematode performing a
sequence of planar turns and roll maneuvers.

Movie S5
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Movie S6. Behavior of an adult C. elegans swimming near the bottom surface of a water pool. The nematode uses frequent roll maneuvers to reorient its
undulation plane. The vertical orientation allows the nematode to remain suspended in the fluid, while the horizontal orientation enables turns in the plane
parallel to the floor.

Movie S6
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