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Many organisms respond to food deprivation by altering their pattern of movement, often in ways that appear to facilitate
dispersal. While the behavior of the nematode C. elegans in the presence of attractants has been characterized, long-range
movement in the absence of external stimuli has not been examined in this animal. Here we investigate the movement
pattern of individual C. elegans over times of ~1 hour after removal from food, using two custom imaging set-ups that allow
us to track animals on large agar surfaces of 22 cmx22 cm. We find that a sizeable fraction of the observed trajectories
display directed motion over tens of minutes. Remarkably, this directional persistence is achieved despite a local orientation
memory that decays on the scale of about one minute. Furthermore, we find that such trajectories cannot be accounted for
by simple random, isotropic models of animal locomotion. This directional behavior requires sensory neurons, but appears
to be independent of known sensory signal-transduction pathways. Our results suggest that long-range directional
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Introduction

Many organisms respond to starvation by altering their patterns
of locomotion [1-4]. The general properties of some locomotory
patterns, such as an area-restricted search performed immediately
after removal from food, are conserved across species [5-7],
suggesting that such patterns might reflect optimal behavioral
strategies [8]. Theoretical studies have argued that locomotory
patterns with straight relocation phases constitute a more efficient
way of searching for food patches than simple diffusive motion [9—
13], and, indeed, animal movement between patches has been
observed to be more directional than movement within patches
[14-16].

The free-living nematode C. elegans provides an excellent setting
in which to investigate locomotory responses to external stimuli
and to understand these in genetic and neural terms. On agar
surfaces, C. elegans lies on its side, and moves forward by
propagating dorso-ventral waves. Forward movement is occasion-
ally interrupted by stereotypical behavioral sequences (‘reversals’
and ‘omega bends’) that result in sharp changes in the direction of
motion [17]. In between sharp turns, the paths of C. elegans consist
of gently curving segments, whose curvature is regulated by
chemical and thermal stimuli [18-22]. Attractive stimuli also affect
locomotory behavior by modulating the frequency of sharp turns,
which is suppressed when the animal is climbing up a gradient,
and vice versa [23-25]. At short times after removal from food, C.
elegans has been shown to exhibit area-restricted search behavior
[26-28].

While the characterization of the fine-grained components of C.
elegans locomotion has received considerable attention, less is
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known about the geometrical and statistical features of its long-
range trajectories. In particular, long-term locomotory behavior of
C. elegans in the absence of stimuli has not been extensively
examined. Previous studies have reported that, immediately after
removal from food, C. elegans’ motion has features of a random
walk [21], [23] and that longer times of food deprivation induce
suppression of turning behavior [26], [28]. However, experimental
constraints in these studies limit the observation of animal
trajectories to length scales of only a few cm.

Here, we provide a quantitative characterization of the
trajectories of C. elegans in the absence of external stimuli over a
period of about 1 hour. Our results suggest that animals can
maintain directional movement over length scales of about 100
times their body length, and that they do so in spite of locally
convoluted motion. We further demonstrate that such direction-
ality requires sensory neurons, but not necessarily sensory
transduction. Our results suggest the intriguing possibility that
the long-range directional locomotion of C. elegans may not be
driven by sensory cues.

Results

Imaging long-range movement patterns of C. elegans
To characterize the movement strategy of C. elegans, we tracked
individual animals on large 22 cmXx22 cm agar plates using two
different imaging set-ups. One set-up, shown in Figure 1A, utilizes
a consumer SLR camera placed at a 3 ft. working distance from
the assay plate. This set-up provides relatively high temporal and
spatial resolution (1 image per 1.5 s; ~100 pixels/mm?), as well as
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Figure 1. Imaging set-ups. (A) Camera imaging set-up. Light source:
LED Lite-Pad (Rosco). ND: Neutral density filter. 50 mm lens: 50 mm
focal length lens. Temperature was monitored with thermistors at the
three corners of the plate indicated by arrowheads. (B) Scanner-array
setup. 10 flatbed scanners are connected via USB connections to a PC
running Linux. The red arrow indicates the direction of airflow within
the scanner body.

doi:10.1371/journal.pone.0078535.g001

homogeneous illumination and temperature conditions (see
Materials and Methods).

The second set-up was developed to speed up data collection. It
comprises an array of 10 flatbed scanners (Figure 1B), allowing for
the parallel acquisition of 10 trajectories at a time. Image
sequences on this set-up are acquired at lower spatial and
temporal resolution than with the camera set-up (36 pixels/mm?;
1 image per 20 s). On both set-ups, we were able to track
unrestricted animal movement for 30-80 minutes (see Materials
and Methods).

Directional motion, despite rapidly-decaying
orientational memory

We collected 42 trajectories of individuals of the standard
laboratory strain N2 with the camera set-up, and 250 with the
scanner-array set-up. In both data sets, we noticed that a sizeable
fraction of the paths maintained a directional course over time
scales of several tens of minutes. Four representative trajectories
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obtained with the camera set-up are shown in Figure 2A.
Trajectories 1, 2, and 3 display marked directional behavior,
whereas no such effect is seen for trajectory 4. The directional bias
of paths 1, 2, and 3 is reflected by a skew in the distribution of the
distances traveled in a given directional range (Figure 2B), an effect
not seen for trajectory 4. Paths collected with the scanner-array
set-up display a similar distribution of features (Figure S1).

As a rough quantification of directionality, we initially examined
the general shape of each track. Figure 2D shows, for every path in
the data set, the displacement along the end-to-end vector, plotted
against the total displacement in the orthogonal direction. Most
trajectories appear skewed in the end-to-end direction.

Directional persistence may derive from long-term correlations
in the instantaneous direction of motion. To test this hypothesis,
and to identify the timescale over which C. elegans loses its
orientational memory, we computed the autocorrelation function
of the instantaneous headings. The results for the trajectories
displayed in Figure 2A are shown in Figure 2C. The paths exhibit
directional correlations over times of up to ~1 minute. Surpris-
ingly, however, no correlations could be detected over longer
times. A similar pattern is displayed by the scanner paths (Figure
S1). An analysis of the entire data set shows that 75% of the
scanner trajectories, and 90% of the camera ones are character-
ized by correlation times of less than 3 minutes (Figure 2E). These
observations demonstrate that long-range directionality occurs
despite convoluted local movement.

Directionality is independent of environmental and plate
parameters

One explanation for directional persistence is migration towards
an external signal. If this were the case, the distribution of path
directions should reveal a bias towards a specific sector of the set-
up. However, we did not detect such a bias (Figure 3A).
Directionality could also arise in response to plate-specific cues.
To test this, we examined the movement of individual animals
placed sequentially on the same plate. As shown in Figure 3B, path
orientations displayed no detectable correlation.

We next asked whether a radial cue within the plates might
account for directed motion. We placed animals at an interme-
diate position between the center and the edge of the plate. If a
radial gradient exists, animals should move preferentially towards
or away from the closest edge of the plate. However, as shown in
Figure 3C, no such preference was detected on either freshly-
poured or 12-day-old plates, in which a radial evaporation
gradient might be expected. Moreover, paths obtained in these
assays display similar quantitative features to paths obtained in the
experiments described in Figure 2 (Figure 4, Figure S2).

Random, isotropic motion does not account for

directionality

Could the observed long-term directionality arise from random,
1sotropic movement? To address this question, we generated a set
of 100,000 synthetic trajectories for every experimental path in the
data set. Synthetic trajectories were constructed by first sampling
the original path at its correlation time (see Materials and
Methods), and then by drawing at random from the distributions
of step sizes and turning angles of the sampled path, for an equal
number of steps (Figure 4A). This model is in effect a correlated
random walk, since the distribution of turning angles is usually not
uniform [29]. We then compute the distribution of net displace-
ments displayed by the set of synthetic trajectories, and compare it
to that of the corresponding experimental path (Figure 4B). From
such distribution we define the ‘directionality index’ of an
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Figure 2. Trajectories of wild-type animals off food. (A) Trajectories of representative wild-type animals on the camera set-up. Red dots on the
trajectory indicate the position of the animal at 10-minute intervals. (B) Histograms of ‘radial displacements’ for the trajectories shown in (A). Counts
within a bin are obtained by summing frame-to-frame displacements corresponding to instantaneous headings whose direction falls within the
interval specified by the bin. Directions are relative to the set-up. (C) Heading autocorrelation function. The function is defined, for a lag time 7, as
1 1
J@= ﬁz;emur ViVite— N
path. The function, smoothed with a cubic spline, is plotted in black; gray shading indicates the value of the signal +/- one standard deviation. (D)
Scatter plot of the end-to-end displacement vs. the maximum displacement in the orthogonal direction for all trajectories. Red dots: scanner data.
Black triangles: camera data. Black line: end-to-end displacement = orthogonal displacement. (E) Histogram of trajectory correlation times, defined
as the first zero crossing of a path’s heading autocorrelation function. Red: scanner data-set; black: camera data-set. 75% of the scanner trajectories
and 90% of the camera ones display correlation times of less than 3 minutes.
doi:10.1371/journal.pone.0078535.g002

2
(Zi_ - V,-) , Where v; are the instantaneous unit direction vectors, and N is the total number of such vectors of the

experimental path as the probability of obtaining, from a single
synthetic run, a larger or equal net displacement than the
experimental one.

Figure 4C shows the directionality indices displayed by the
camera and scanner-array data sets. The indices are shown
together with those that would result from a set of synthetic paths

PLOS ONE | www.plosone.org 3 November 2013 | Volume 8 | Issue 11 | e78535



180

plate edge

'S

plate center

Long-Range Directional Movement of C. elegans

B A8

180° = 0°

plate edge

\

plate center

Figure 3. Directionality is independent of plate parameters. (A) Histogram of radial displacements (see Figure 2) for the entire data set (N =
250 trajectories) acquired with the scanner-array set-up. (B) Relative direction A8 of the paths of two animals assayed on the same plate in close
succession. The direction of a path is defined as the direction of the end-to-end vector for the path. 0° corresponds to two paths that are parallel to
each other, 180° to anti-parallel paths. N =26 pairs. (C, D) End-to-end vectors of paths of animals started from intermediate positions between the
center and the edge of a plate. (C): Freshly poured plates. (D): 12-day-old plates.

doi:10.1371/journal.pone.0078535.9003

obtained from the correlated random walk (‘CRW’) model
Directionality index values were plotted by rank, .e. ranging from
the smallest (most directional) to the largest (least directional). 29%
of the scanner paths and 28% of the camera paths display indices
smaller than 0.03, versus the 5% that would be expected, by
definition, from an ensemble of CRW paths. Both data sets are
significantly divergent from random (p=10"2' for the scanner
data-set, and p=2-10"* for the camecra data set, respectively;
Kolmogorov-Smirnov test).

By construction, our synthetic trajectories do not preserve the
temporal structure of turning events of the original path, and
destroy potential correlations between local displacement and
heading. We thus decided to compare the camera data set to a
more conservative ‘mirror’ model of random motion, one
preserving to a greater extent the local features of our
experimental paths. First, experimental tracks are segmented into
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bouts of smooth motion (‘runs’) and episodes of sharp turning
(‘turns’) (see Materials and Methods). Then, for every turning
episode, we invert, with probability "2, the portion of the path
corresponding to the turn. Finally, we re-assemble the different
segments of the synthetic path (‘runs’ and ‘turns’) in such a way
that the directions at the ends of the segments coincide (Figure
4D). This procedure effectively amounts to building local mirror
images of the track, resulting in sets of synthetic paths (Figure 4E)
with the same local features as the experimental trajectories.

To quantify the experimental divergence from such ‘mirror’
model, we computed, as before, the probability of obtaining a
larger or equal net displacement from a set of synthetic paths. The
results, shown in Figure 4F, are in agreement with those obtained
for the CRW model: 33% of the camera paths display
probabilities smaller than a 0.05 threshold, and the data shows a
significant divergence from the mirror model (p=0.006,

November 2013 | Volume 8 | Issue 11 | e78535



Long-Range Directional Movement of C. elegans

A B
6,
5_
S
[2]
€9
>
)
©2
50 100 150
net displacement (mm)
C D
0
()
©
C
< .
T -39 1
c
§e]
3 —4 ]
5
o
z O 1
ke)
—6F B
-7 L L L L L L L L
5 10 15 20 25 30 35 40
trajectory ranked by directionality strength
E F
0
()
el
£
2
®
c
k]
©
o
5
o
3 o[ 1
ke)
—6F 4
-7 . .

5 10 15 20 25 30 35 40
trajectory ranked by directionality strength

Figure 4. Random, isotropic motion does not account for directionality. (A) Synthetic paths for the correlated random walk (‘CRW’) model
were obtained by sub-sampling an experimental path at its correlation time, and by drawing at random from the step sizes and turning angles
distributions of the resulting path (experimental path, red; synthetic paths, gray). Black arrow: experimental net displacement. (B) Histogram of net
displacements for 100,000 synthetic paths corresponding to the trajectory in (A). The red triangle indicates the experimental value. The directionality
index of a path equals the probability of obtaining, from the model, a larger or equal net displacement than the experimental one. (C) Directionality
indices for the camera and the scanners data sets. Indices are plotted by rank (from most to least directional). Black dots: camera data. Red line:
average of 20 samples from the scanner-array data set (‘average scanner data set’). Red shading: average scanners data set +/— one standard
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deviation ('std’). Blue line: average of 20 samples from the CRW model. Blue shading: average of the CRW model +/— one std. (D) ‘Mirror’ model. The
experimental path (in black) is segmented into ‘runs’ and ‘turns’ (red dots). Synthetic trajectories are obtained by inverting turns with probability %,
and by reassembling runs and turns by continuity (see Materials and Methods). One such path, obtained by inverting the turn highlighted in circular
inset (red line), is displayed in gray. Black asterisk: position at time 0. (E) The directionality index of a path is defined as in (B). (F) Directionality indices
for the mirror model. Indices are plotted by rank. Black dots: camera data. Red line: average scanners data set (CRW model). Red shading: average
scanners data set +/— one std. Blue line: average of 20 mirror model samples. Blue shading: average mirror model +/— one std.

doi:10.1371/journal.pone.0078535.9g004

Kolmogorov-Smirnov test). Importantly, these results demonstrate
that changes in turning frequency along the trajectory path cannot
account for the directionality we observe, since the experimental
turning frequency distributions are preserved in the mirror model
synthetic paths.

Emergence of directional behavior at long timescales

To identify the time scale over which an animal’s behavior
crosses over to directional motion, we took an approach borrowed
from fractal analysis. For every experimental path, we construct a
set of trajectories (‘coarse-grained’ trajectories) by sampling the
original path at intervals of size ¢ (Figure 5A). We then compute
the lengthsL;of these coarse-grained paths by summing the length
of segments joining the points that comprise the path, and
normalize these sums by the length L, of the original path. This
procedure is analogous to measuring the length of a coastline using
a ruler of size 0. While a coastline’s length is not a uniquely defined
quantity, as it depends on the size of the ruler utilized to measure
it, the functional relation between the length Ls— measured at a
scale 0 — and ¢ itself is invariant. This relation can be expressed as
log Ls ~ (1 —D)log(d), whereD is the curve’s fractal dimension, a
quantity that defines the degree of convolution, or space-filling, of
the curve [30].

In the top panels of Figure 5B and Figure 5C we plot the
behavior of log(Ls/L,) versus log(d) for two distinct trajectories
(shown in the insets). At short times (0<<30 s) both paths exhibit
locally directed motion, as reflected by the nearly horizontal trend
of the curves. Sampling the data at longer times (6 ~ 60 s), when
correlations in directions have mostly decayed to zero, results, for
both trajectories, in coarse-grained paths that are now more
random. Accordingly, the logarithm of the lengths shows, in both
cases, a drop towards larger negative values. At longer times (6 >
300 s), however, the behaviors of the two paths diverge. The curve
corresponding to path 1 flattens out, revealing directionality. By
contrast, no such effect is seen for path 2. Therefore, directed
motion corresponds to local values of the slope close to zero
(bottom panels of Figure 5B and Figure 5C). Corresponding sets of
mirror synthetic trajectories display, instead, slopes in the
neighborhood of —0.5, as expected for a diftusive process (bottom
panels of Figure 5B and Figure 5C).

To examine the behavior of our entire data set using this
analysis, we plotted the cumulative distribution of slope values at
long times (Figure 5D). The slopes for the camera (black) and
scanner data-sets (red) are displayed together with those for a set of
mirror synthetic trajectories (blue). A large fraction of the wild-type
data set displays directional behavior at long times; indeed, 50% of
the wild-type distributions exhibit slope values greater than -0.3,
compared to fewer than 1% of the synthetic trajectories.
Consistent with our previous analyses, the scanner and camera
data sets are statistically indistinguishable in their long-term
behavior, and significantly more directional than the mirror model
(p=10""" and p=10"" respectively, Kolmogorov-Smirnov test).

Behavior of sensory mutants

To begin to understand the neural basis for directionality, we
investigated the behavior of animals with defects in the nervous
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system, addressing specifically the role of sensory neurons, which
regulate locomotory output even in spatially and temporally
homogeneous environments [26-28]. Most sensory neurons in C.
elegans have non-motile sensory cilia; accordingly, genetic lesions
that affect cilia formation impair most sensory behaviors, with the
exception of thermotaxis [31-33].

In Table 1 we summarize the results obtained for two cilia
mutants, che-2 and daf~19. Animals mutant for che-2 have been
reported to display confined tracks off food, resembling those of
wild-type animals on bacterial lawns [26], [34]. Consistent with
this observation, che-2 animals fail to display directional behavior (p
against the wild type = 0.003, Kolmogorov-Smirnov test; Figure
S3A). By contrast, daf-19 mutants exhibit only a partial
directionality defect, with a subset of the tracks displaying wild-
type directional behavior (p against the wild type = 0.03,
Kolmogorov-Smirnov test; Figure S3B). This observation is
surprising, given that mutations in daf-19, a transcriptional
activator of che-2, result in the complete absence of sensory cilia,
a defect more severe than that exhibited by c¢he-2 animals [33],
[35]. Indeed, we confirmed the complete absence of cilia in two
daf-19 animals displaying directed motion by performing serial-
section electron microscopy on such animals. Taken together,
these results suggest that, while sensory neurons may be important
for long-range directional behavior, sensory transduction is not
essential.

To further explore this issue, we examined the effect of genetic
lesions impairing the activity of sensory neurons. We assayed
animals lacking either a TRPV-related channel, encoded by the
gene osm-9, or the tax-4/tax-2-encoded cGMP-gated channel [36].
osm-9 mediates attraction to volatile compounds, as well as
avoidance and nociceptive behaviors [37], [38]; tax-4/tax-2
function downstream of the signal transduction pathways for
thermotaxis, chemotaxis to soluble stimuli, aerotaxis, and chemo-
taxis to a different set of volatile compounds than those sensed by
osm-9-expressing neurons [36]. As shown in Table 1, we failed to
detect a significant divergence from wild-type behavior in osm-9
mutants (p against the CRW model = 0.0008, Kolmogorov-
Smirnov test; Figure S3C).

By contrast, mutations in tax-¢ and tax-2 resulted in a complete
loss of directionality (p against the wild type = 0.008,
Kolmogorov-Smirnov test; Table 1, Figure S3D-F). We therefore
asked whether specific signal transduction pathways upstream of
lax-4/tax-2 could recapitulate the phenotype of the channel
mutation. First, we assayed goy-8; goy-18; gey-23 triple mutants,
defective in three guanylyl cyclases essential for thermotaxis [39].
As shown in Table 1, these animals exhibited wild-type directional
behavior (p against the CRW model = 0.0003, Kolmogorov-
Smirnov test; Figure S4A). An aerotaxis mutant, gey-31; gey-33; goy-
35, also displayed no observable defect (p against the CRW model
= 0.003, Kolmogorov-Smirnov test; Figure S4B). Furthermore,
genetically ablating the main cellular mediators of aerotaxis did
not result in loss of directionality (p against the CRW model =
0.0002, Kolmogorov-Smirnov test; Table 1, Figure S4C).

Targeting chemotaxis towards soluble as well as volatile
compounds in flax-4/tax-2-expressing neurons also resulted in no
observable defect. Mutants with lesions in odr-1, a guanylyl cyclase
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required for odorant sensation [40] and phototransduction [41] in
lax-4/tax-2 neurons, exhibited no observable defect (p against the
CRW model = 0.004, Kolmogorov-Smirnov test; Table 1, Figure
S4D). Likewise, animals mutant for cke-1, which show defects in
chemotaxis towards some soluble compounds [42], [43], displayed
wild-type directionality (p against the CRW model = 0.02,
Kolmogorov-Smirnov test; Table 1, Figure S4E). In addition, a
mutation in daf-22, a gene in the pathway regulating synthesis of
some C. elegans pheromones [44], did not significantly impair
directional behavior (p against the CRW model = 0.01,
Kolmogorov-Smirnov test; Table 1, Figure S4F). Together with
the lack of directional bias we report in Figures 3 and S2, these
results suggest that while sensory neurons seem to play a role in
directional locomotion of C. elegans, no single tested sensory
modality is required for this behavior.

Discussion

This study presents a characterization of the paths of C. elegans
under starvation conditions. We have found that individual C.
elegans are able to maintain a directional course over times of
several tens of minutes, in the apparent absence of external stimuli.
Such directional behavior is unlikely to derive from local
correlations in direction, as it persists over larger times than the
typical timescale of orientation memory, and is not accounted for
by isotropic, random models of locomotion. Furthermore, our
scaling analysis indicates that the motion of C. elegans on the scale
of a minute is less directional than that exhibited over longer (~10
minutes) intervals.

The lack of directionality displayed by tax-4/tax-2 mutants
suggests the possibility that sensory neurons are required, at least
at some level, for long-range directional persistence. Could a
sensory cue, therefore, promote this behavior? Surprisingly, our
studies seem to argue against this possibility. As shown in Figures 3
and S2, directionality of locomotion is not correlated with the
spatial position of the apparatus, suggesting that neither the
camera nor the scanner set-ups emit directional cues biasing

PLOS ONE | www.plosone.org

Table 1. Behavior of sensory and pheromone mutants.
Genotype Gene function Sensory defect Directionality p-value
che-2 cilia formation chemotaxis (‘ctx) defective 0.003 (vs. WT)
daf-19* cilia formation (master regulator) chemotaxis (‘ctx’) partially defective 0.03 (vs. WT)
osm-9 sensory transduction (TRPV-related channel) avoidance of repulsive compounds; wild-type 0.0008 (vs. CRW)
nociception; ctx to some volatile
compounds
tax-4(p678) sensory transduction (cGMP-gated channel) thermotaxis; aerotaxis; ctx to some defective 0.008 (vs. WT)
volatile and soluble compounds.
tax-4(ks28) sensory transduction (cGMP-gated channel) same as tax-4(p678) defective 0.006 (vs. WT)
tax-2 sensory transduction (cGMP-gated channel) same as tax-4(p678) defective 0.009 (vs. WT)
gcy-8:gcy-18;gcy-23 sensory transduction (guanylyl cyclases) thermotaxis wild-type 0.0003 (vs. CRW)
gcy-31;9cy-33;gcy-35 sensory transduction (guanylyl cyclases) aerotaxis wild-type 0.003 (vs. CRW)
gcy-36:EGL-1 sensory neurons ablated aerotaxis wild-type 0.0002 (vs. CRW)
odr-1 sensory transduction (guanylyl cyclase) ctx to volatile compounds sensed by  wild-type 0.004 (vs. CRW)
TAX-4 neurons; phototactic avoidance
che-1 sensory transduction (specification of ctx to soluble compounds wild-type 0.02 (vs. CRW)
sensory neuronal fate)
daf-22 C. elegans pheromone synthesis dauer formation wild-type 0.01 (vs. CRW)
Significance is estimated with respect to the wild-type scanner-array data-set (‘WT’) or to the correlated random walk model (‘CRW’). *daf-19 mutants were assayed in a
daf-16 background to bypass constitutive dauer formation.
doi:10.1371/journal.pone.0078535.t001

locomotory patterns. The data shown in Figure 3 also indicate that
directional cues within the assay plates, including a putative radial
gradient, are unlikely. These observations are strengthened by our
findings that inhibition by mutation of individual sensory
modalities does not affect directional movement. Indeed, as shown
in Table 1, mutations blocking chemotaxis, odortaxis, thermotaxis,
phototaxis and aerotaxis do not impair long-range directional
movement.

The details of our experimental design also suggest that if
sensory cues were relevant, they would need to operate at the
limits of detection by C. elegans. In the camera set-up, for example,
temperature gradients do not exceed 0.01°C/cm, 100-fold less
than gradients typically applied in thermotaxis assays [18].
Volatile odorant gradients in our set-ups, if these exist, are likely
to be on the order of picomolar/cm (assuming diffusion
coefficients on the order of 0.1 em?/s, which is a typical range
for the small compounds known to attract C. elegans [45]. Such
shallow gradients are at the limit of detection for C. elegans [46].

Water soluble chemicals are expected to diffuse 10* times more
slowly than air-borne chemicals of equivalent size, and may thus
create more prominent gradients in our assays. Such gradients,
however, would require days to form. C. elegans has also been
reported to track slowly-rotating and static electric fields. The
measured electric potential in the camera set-ups, however, is on
the order of 10 mV, which is three orders of magnitude smaller
than is required to elicit electrotactic responses [31]. In addition,
the electric potentials in the camera and scanner set-ups oscillate,
respectively, at frequencies of 60Hz and ~50 kHz, well beyond
the tracking capability of the animal [31].

Another possibility is that C. elegans locomotion is guided by self-
secreted cues. The speed at which C. elegans migrates on the plate
suggests that such cues would likely be volatile. However,
mutations in the osm-9 and odr-1 genes, which block sensation of
many volatile compounds, do not affect long-term trajectory
heading. Inactivation of daf-22, involved in production of some C.
elegans pheromones also has no effect. Furthermore, studies of
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animals placed on plates consecutively fail to detect obvious
correlations or anti-correlations in locomotory patterns (Figure 3).

Taken together, our results hint at the possibility that long-range
directional locomotion of C. elegans might not be driven by sensory
stimuli. How could the animal’s nervous system support such
behavior? One possibility is that animals assemble an intrinsic
sense of direction out of proprioceptive information. Indeed,
recent evidence indicates that C. elegans possesses at least one
neuron that is sensitive to body stretch [47]. Body curvature might
convey information on the radius of curvature of the path, which,
in turn, could translate into heading information, if animals were
also monitoring time. However, such a mechanism cannot account
for directional persistence across sharp, discrete perturbations of
body shape, such as reversals and omega bends. In this latter case,
we would have to posit that the orientation discontinuity is stored
at the neuronal level, and that such information feeds back into the
circuit controlling locomotion. Remarkably, this is indeed the case
for the omega bend, whose features (its amplitude, and its bias
towards the ventral or the dorsal direction) appear to be encoded
by head motor neurons [26]. Head motor neurons also synapse
backward onto interneurons, and might, therefore, act as nodes
where control of locomotion is coupled to, and determined by,
past locomotory output. In this picture, TAX2/TAX-4 sensory
neurons would work not as transducers of external stimuli, but,
rather, as a driving force in the circuit, activating the interneuron
layer that controls the execution of turns by means of spontaneous
patterns of activity. Step-counting mechanisms have previously
been described in ants [48], providing evidence that invertebrates
are capable of navigation by proprioceptive mechanisms. None-
theless, elucidating the relevant neuronal circuitry for directed
locomotion in C. elegans is likely to be a prerequisite for addressing
this model in detail.

Materials and Methods

C. elegans strains and culture methods

Animals were grown on standard nematode growth medium
(NGM) plates seeded with the E. coli strain OP50 [49]. Unless
indicated, animals were cultured at 20°C. We utilized the
following N2-derived strains: che-2(el1033) CB1033, osm-9(ky10)
CX10, daf~19(m86);daf~16(mu86) CF1108, tax-4(p678) PR678,
tax-4(ks28) OUT87, tax-2(p691) PR691, odr-1(n1956) CX2063,
che-1(p692) PR692, gcy-8(oy44); gey-18(w38); gey-25(y37) 1IKS97,
gey-31(0k296); goy-33(232); gey-35(769) CX6803, gey-36::EGL-1;
go9-35:GFP CX7102, daf-22(m130) DR476. Strains CX2065,
(CX6803 and CX7102 were a gift from Cori Bargmann. Some
strains were provided by the Caenorhabditis Genetics Center,
which is funded by NIH Office of Research Infrastructure
Programs (P40 OD010440).

Behavioral assay protocol

To minimize growth of contaminants, all assays were performed
on plates containing a modified NGM medium without peptone.
Assay plates (240 mm x240 mm polystyrene culture plates; Nunc,
Corning) were poured approximately 1 to 2 weeks before an
experiment, and subsequently kept at 4°C in air-tight boxes. The
scanner-array wild-type assays (N = 250 trajectories) were
performed on plates poured ~24 hours before the assays. In one
instance, animals were assayed on a batch of ~3-week-old plates.
Animals in these radial preference assays displayed a bias towards
the edges of the plates; however, no radial bias was observed when
assaying animals on plates poured up to 12 days before the assays
(Figure 3). After a set of assays, the agar within the plates was
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discarded, and the plates were soaked in a sodium hypochlorite
solution, rinsed, dried, and reused.

Assays were carried out on 1-day-old adults by selecting L4
larvae on the day before the experiment. To exclude possible
animal-to-animal interactions, a single individual was assayed per
plate. Before each assay, bacteria were removed from an animal’s
body by transferring it twice in succession to individual unseeded
NGM plates. Animals were then left to crawl on an unseeded agar
plate for about 10 minutes, before being transferred to the center
of the assay plate. In radial preference assays, animals were started
from a point about 4.5 cm away from the plate center. Assay
plates were sealed with Parafilm (Cole-Parmer) just before
commencing image acquisition.

Imaging set-ups

Images were collected with one of two imaging set-ups: a fixed-
camera setup or a scanner-array set-up. On both, images were
acquired for 80 minutes. Image sequences were tracked until the
animal reached the edge of the plate. On the camera set-up,
animals were illuminated in trans with a 24”x 24" edge-lit, diffuse
LED light source (“LitePad”, Rosco). Images were acquired with a
consumer Digital Rebel 300D Canon camera custom-mounted
with a 50mm focal length lens (Beseler, 50 mm {/3.5 Beslar
Enlarging Lens) and a neutral density filter (Hoya, NDX4). The
camera sensor (6.3 megapixels) was placed at a working distance of
3 ft. from the glass stage holding the plates, resulting in a resolution
of ~100 pixels/mm?. To enhance contrast, we further equipped
the stage with two light control films (Vikuiti, 3M), placed at right
angles. The camera was controlled by custom time-lapse software
developed with Microsoft Visual C++ using Canon SDK (EDSDK
2.5). Images were acquired at a frame rate of 1 image/1.5 seconds.
All experiments were performed in a temperature- and humidity-
controlled room (T'=22.0 +/— 0.2°C, humidity: 54% +/— 2%).
The typical temperature difference at different points on the stage
in contact with the edges of the plate was estimated by
measurements with a thermistor (“Stainless Steel Temperature
Probe”, Vernier) to be within 0.1°C. Images collected with this set-
up were segmented using a custom script in Image-Pro Plus
(Media Cybernetics), and successively tracked with custom
MATLAB code (MathWorks) adapted from the Parallel Worm
Tracker [50].

The scanner-array set-up comprises 10 flatbed CCD scanners
(EPSON Perfection 2400 Photo) connected to a single PC running
Linux (Ubuntu 8.04) and interfaced using the SANE application
programming interface (http://www.sane-project.org/). Scanners
are directed via a PERL script to acquire images at a resolution of
300 dpi, corresponding to about 0.4 pixels/cm, at a frame rate of 1
image/20 seconds. Heat dissipation from the internal cold-cathode
fluorescent lamp causes the scanner surface to heat to tempera-
tures that are noxious to C. elegans. We therefore modified the
scanners to allow for fan-driven airflow across the scanner body,
thus reducing the temperature difference across opposite sides of
each scanner, relative to the fan, to ~1°C. Assay plates were
positioned on the scanner body face-up, and covered with black
felt to improve contrast. Image sequences collected with this setup
were segmented in Image] (http://rsbweb.nih.gov/ij/) and
tracked with the Image] MTrack? plugin developed by
N. Stuurman (http://valelab.ucsf.edu/ ~nico/Ijplugins/Mtrack?2.
html).

Trajectory analysis

Correlated random walk (‘CRW’) model. Each exper-
imental path was first sub-sampled at its correlation time,
defined as the first zero-crossing of the autocorrelation function
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of the velocities. We then computed the distributions of step sizes
and turning angles of the resulting path, and constructed
synthetic trajectories by drawing at random from those
distributions for an equal number of steps as the sub-sampled
path. The synthetic net displacement, squared, is the sum of two
Gaussian-distributed variables, and thus follows chi-square
statistics with two degrees of freedom, providing an immediate
validation for our algorithm [51]. Sets of samples of the scanner-
array data-set of directionality indices were drawn from the data
with replacement.

‘Mirror’ model. To build ‘mirror’ synthetic trajectories, we
segment trajectories into ‘runs’ and ‘turns’. We label as ‘turns’
mstances with angles between consecutive instantaneous directions
whose cosine is less than a threshold value of 0.75. We then cluster
together turns spaced less than 6 seconds apart from each other,
and label them as a single turning event. Sets of mirror trajectories
are then obtained by reversing the sign of the angles corresponding
to a turning event, with probability V2.

‘Coarse-grained’ trajectories. Coarse-graining lengths
were computed by sampling the paths at intervals of size J.
The first sampled point was varied between the first time point
and the time point J, and the coarse-grained length at a scale ¢
was defined as the average coarse-grained length over these
initial conditions. To compute the local slope of the plot of the
logarithm of the coarse-grained length versus the scale 6, we first
interpolate the function with a cubic spline. We then fit a first-
degree polynomial to the smoothed function on overlapping
windows of fixed size (in log-space). Finally, we interpolate with
a cubic spline the value of the slopes obtained over the different
windows. Slopes for the null model are obtained by fitting the
plot of the logarithm of the coarse-grained length versus the
scale ¢ for individual realizations of the null model. From the
resulting distribution, we obtain the slope’s average and its
variance. The value of the slope at long times (6 ~ 8 minutes) is
computed by evaluating the interpolating spline at T =400 s, or
else at T =7/4, for those trajectories with a total duration 7
shorter than 4t.

Supporting Information

Figure S1 Scanner trajectories display long-range di-
rectional persistence. (A) Trajectories of representative wild-
type animals on the scanner-array set-up. Red dots on the
trajectory indicate the position of the animal at 10-minute
intervals. (B) Histograms of radial displacements for the trajecto-
ries shown in (A) (see Figure 2). (C) Heading autocorrelation
function (see Figure 2).

(TTF)

Figure $2 Directionality is independent of plate param-
eters. (A) Histogram of radial displacements for the whole data
set (N=42 trajectories) acquired with the camera set-up.
Directions are relative to the set-up. (B) Directionality indices &
of the paths acquired in radial preference assays (see Figure 3). Full
black circles: 12-day-old plates. Empty black circles: freshly-
poured plates. Red line: average of a set of 20 samples from the
wild type scanner-array data-set (‘scanner average’). Red shading:
one standard deviation above and below the scanner average. Blue
line: average of a set of 20 samples from the CRW model. Blue
shading: average of the CRW model +/— one standard deviation.
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36:EGL-1 aerotaxis mutant (genetic ablation of oxygen-sensing
neurons). 35% d<<0.05. p vs. CRW model = 0.0002 (Kolmo-
gorov-Smirnov test). (D) odr-1 odor-taxis mutant. 45% ¢<<0.05. p
vs. CRW model = 0.004 (Kolmogorov-Smirnov test). (E) che-1
chemotaxis mutant. 30% d<<0.05. p vs. CRW model 0.02
(Kolmogorov-Smirnov test). (F) daf~22 pheromone synthesis
mutant. 40% d<<0.05. p vs. CRW model = 0.01 (Kolmogorov-
Smirnov test).

(TIF)

Acknowledgments

We thank Francis Corson for suggesting to us the ‘mirror’ null model, Max
Heiman and David Jordan for technical advice, Yun Lu for electron
microscopy, Sharon White for media preparation, and Cori Bargmann,
Fred Cross, Doeke Hekstra, Stan Leibler, and members of the Shaham and
the Leibler laboratories for discussions.

Author Contributions

Conceived and designed the experiments: MP SS. Performed the
experiments: MP. Analyzed the data: MP SS. Contributed reagents/
materials/analysis tools: JC. Wrote the paper: MP SS.

2. Sliusarenko O, Neu J, Zusman DR, Oster G (2006) Accordion waves in
Myxococeus xanthus. Proc Natl Acad Sci USA 103: 1534—1539.

November 2013 | Volume 8 | Issue 11 | e78535



20.

21.

22.

23.

24.

27.

28.

29.

30.

. Bell WJ (1991) Searching behaviour: the behavioural ecology of finding

resources. Cambridge, UK: Cambridge University Press.

. McBride JM, Hollis JP (1966) Phenomenon of swarming in nematodes. Nature

211: 545—546.

. Beukema JJ (1968) Predation by the three-spined stickleback (Gasterosteus aculeatus

L.). The influence of hunger and experience. Behaviour 31: 1—126.

. Dethier VG (1957) Communication by insects: physiology of dancing. Science

125: 331— 36.
Smith JNM (1974) The food searching behaviour of two European thrushes. II.
The adaptiveness of the search pattern. Behaviour 49: 1—61.

. Humphries NE, Queiroz N, Dyer JR, Pade NG, Musyl MK, et al. (2010)

Environmental context explains Lévy and Brownian movement patterns of
marine predators. Nature 485: 1066—1069.

. Benhamou S (1992) Efficiency of area-concentrated searching behaviour in a

continuous patchy environment. J Theor Biol 159: 67—81.

. Viswanathan GM, Buldyrev SV, Havlin S, da Luz MG, Raposo EP, ct al. (1999)

Optimizing the success of random searches. Nature 401: 911—914.

. Bénichou O, Coppey M, Moreau M, Suet PH, Voituriez R (2005) Optimal

search strategies for hidden targets. Phys Rev Lett 94: 198101 —198104.

. MacArthur RH, Pianka ER (1966) On optimal use of a patchy environment. Am

Nat 100: 603—609.

. Zollner PA, Lima SL (1999) Search strategies for landscape-level interpatch

movements. Ecology 80: 1019—1030.

. Jones RE (1977) Search behaviour: a study of three caterpillar species. Behaviour

60: 237—259.

. Jander R (1975) Ecological Aspects of Spatial Orientation. Annual Review of

Ecology and Systematics 6: 171—188.
Schtickzelle N, Joiris A, Van Dyck H, Baguette M (2007) Quantitative analysis of
changes in movement behaviour within and outside habitat in a specialist

butterfly. BMC Evol Biol 7:4.

. Croll N (1975) Components and patterns in the behavior of the nematode

Caenorhabditis elegans. J Zool 176: 159—176.

. Hedgecock EM, Russell RL (1975) Normal and mutant thermotaxis in the

nematode Caenorhabditis elegans. Proc Natl Acad Sci USA 72: 4061—4065.

. lino Y, Yoshida K (2009) Parallel use of two behavioral mechanisms for

chemotaxis in Caenorhabditis elegans. J Neurosci 29: 5370—5380.

Kocabas A, Shen CH, Guo ZV, Ramanathan S (2012) Controlling interneuron
activity in Caenorhabditis elegans to evoke chemotactic behaviour. Nature 490:
273—277.

Stephens GJ, Johnson-Kerner B, Bialek W, Ryu WS (2010) From modes to
movement in he behavior of Caenorhabditis elegans. PLoS One 11:e13914.

Luo L, Clark DA, Biron D, Mahadevan L, Samuel AD (2006) Sensorimotor
control during isothermal tracking in Caenorhabditis elegans. J Exp Biol 209:
4652—4662.

Pierce-Shimomura JT, Morse TM, Lockery SR (1999) The fundamental role of
pirouettes in Caenorhabditis elegans. ] Neurosci 19: 9557 —9569.

Albrecht DR, Bargmann CI (2011) High-content behavioral analysis of
Caenorhabditis elegans in precise spatiotemporal chemical environments. Nat

Methods 8: 599—605.

. Ryu WS, Samuel AD (2002) Thermotaxis in Caenorhabditis elegans analyzed by

measuring responses to defined thermal stimuli. J Neurosci 22: 5727—5733.

5. Gray JM, Hill JJ, Bargmann CI (2005) A circuit for navigation in Caenorhabditis

elegans. Proc Natl Acad Sci USA 102: 3184—3191.

Wakabayashi T Kitagawa I Shingai R (2004) Neurons regulating the duration of
forward ocomotion in Caenorhabditis elegans. Neurosci Res 50: 103—111.

Hills T, Brockie PJ, Maricq AV (2004) Dopamine and glutamate control area-
restricted search behavior in Caenorhabditis elegans. J Neurosci 24:1217—1225.
Codling RA, Plank MJ, Benhamou S (2008) Random walk models in biology. ]
R Soc Interface 5: 813—834.

Mandelbrot B (1967) How long is the coast of Britain? Statistical self-similarity
and fractional dimension. Science 156: 636—638.

PLOS ONE | www.plosone.org

1

31.

32.

33.

34.

37.

38.

39.

40.

41.

42.

43.

44,

46.

47.

48.

49.

51.

Long-Range Directional Movement of C. elegans

Gabel CV, Gabel H, Pavlichin D, Kao A, Clark DA, et al. (2007) Neural circuits
mediate electrosensory behavior in  Caenorhabditis elegans. ] Neurosci 27:
7586—7596.

Lewis JA, Hodgkin JA (1977) Specific neuroanatomical changes in chemosen-
sory mutants of the nematode Caenorhabditis elegans. J Comp Neurol 172:
489—510.

Perkins LA, Hedgecock EM, Thomson JN, Culotti JG (1986) Mutant sensory
cilia in the nematode Caenorhabditis elegans. Developmental Biology 117:
456—487.

Fujiwara M, Sengupta P, Mclntire SL (2002) Regulation of body size and
behavioral state of C. elegans by sensory perception and the EGL-4 ¢GMP-
dependent protein kinase. Neuron 36: 1091—1102.

Swoboda P, Adler HT, Thomas JH (2000) The RFX-type transcription factor
DAF-19 regulates sensory cilium formation in C. elegans. Mol Cell 5: 411—421.

5. Bargmann CI Chemosensation in C. elegans. In: The C. elegans Research

Community, editors (2006) WormBook, doi:/10.1895/wormbook.1.123.1.
Available: http://www.wormbook.org.

Colbert HA, Smith TL, Bargmann CI (1997) OSM-9, a novel protein with
structural similarity to channels, is required for olfaction, mechanosensation, and
olfactory adaptation in Caenorhabditis elegans. J Neurosci 17: 8259 —8269.

Tobin DM, Madsen DM, Kahn-Kirby A, Peckol EL, Moulder G, et al. (2002)
Combinatorial expression of TRPV channel proteins defines their sensory
function and subcellular localization in C. elegans neurons. Neuron 35: 307—318.
Inada H, Tto H, Satterlee J, Sengupta P, Matsumoto K, et al. (2006).
Identification of guanylyl cyclases that function in thermosensory neurons of
Caenorhabditis elegans. Genetics 172: 2239—2252.

L’Etoile ND, Bargmann CI (2000) Olfaction and odor discrimination are
mediated by the C. elegans guanylyl cyclase ODR-1. Neuron 25: 575—586.

Liu J, Ward A, Gao J, Dong Y, Nishio N, et al. (2010) C. elegans
phototransductionrequires a G protein-dependent cGMP pathway and a taste
receptor homolog. Nat Neurosci 13: 715—722.

Uchida O, Nakano H, Koga M, Ohshima Y (2003) The C. elegans che-1 gene
encodes a zinc finger transcription factor required for specification of the ASE
chemosensory neurons. Development 130: 1215—1224.

Bargmann CI, Horvitz HR (1991) Chemosensory neurons with overlapping
functions direct chemotaxis to multiple chemicals in C. elegans. Neuron 7:
729—742.

Butcher RA, Ragains JR, Li W, Ruvkun G, Clardy J, et al. (2009) Biosynthesis of
the Caenorhabditis elegans dauer pheromone. Proc Natl Acad Sci USA 106:
1875—1879.

. Bargmann CI, Hartwieg E, Horvitz HR (1992) Odorant-selective genes and

neurons mediate olfaction in C. elegans. Cell 74: 515—527.

Bargmann CI, Mori I C. elegans responds to a variety of chemicals. In: Riddle
DL, Blumenthal T, Meyer BJ, Priess JR, editors (1997). C. elegans 1I. 2nd ed.
Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press. Available:
http://www.ncbi.nlm.nih.gov/books/NBK19972/37.

Li W, Feng Z, Sternberg PW, Xu XZ (2009) A C. elegans stretch receptor neuron
revealed by a mechanosensitive TRP channel homologue. Nature 440:
684—687.

Wittlinger M, Wehner R, Wolf H (2007) The desert ant odometer: a stride
integrator that accounts for stride length and walking speed. J Exp Biol 210:
198—207.

Sulston JE, Hodgkin J Methods. In: Wood WB editor. The Nematode
Caenorhabditis elegans (1988). Cold Spring Harbor, NY: Cold Spring Harbor
Press. pp 587—606.

. Ramot D, Johnson BE, Berry TL Jr., Carnell L, Goodman MB (2008) The

parallel worm tracker: a platform for measuring average speed and drug-induced
paralysis in nematodes. PLoS ONE 3:¢2208.

Abramowitz M, Stegun IA (1972) Handbook of Mathematical Functions with
Formulas, Graphs, and Mathematical Tables. New York: Dover.

November 2013 | Volume 8 | Issue 11 | e78535



