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For animals inhabiting multiple environments, the ability to select appropriate behaviors is crucial as their adaptability is
often context dependent. Caenorhabditis elegans uses distinct gaits to move on land and in water. Gait transitions can
potentially coordinate behaviors associated with distinct environments. We investigated whether land and water
differentially affect the behavioral repertoire of C. elegans. Swimming worms interrupted foraging, feeding, egg-laying
and defecation. Exogenous dopamine induced bouts of these land-associated behaviors in water. Our finding that worms
do not drink fluid while immersed may explain why higher drug doses are required in water than on land to elicit the
same effects. C. elegans is a valid model to study behavioral hierarchies and how environmental pressures alter their
balance.

Introduction

Key for the transition to land by many aquatic species was their
ability to respond to the different selective pressures posed by very
different physical environments.1 Many animals (e.g., arthropods,
amphibians, birds, etc.) possess adaptations that allow them to
exploit and thrive in multiple physical environments. Indeed,
many animals use distinct environmental niches to satisfy distinct
survival requirements. For example, many birds hunt underwater,
breed on land, and fly to travel between locations. Animals often
have adaptations that modify, or even restrict the production of
certain behaviors to its most advantageous environment. In each
of these, different subsets of behaviors performed by a given
animal will be adaptive. The ability to determine which behaviors
are adaptive (or maladaptive) when transitioning between physical
environments can be crucial for survival. The concept of
behavioral hierarchies, pioneered by Timbergen and later refined
by Davis, explains how animals choose between the production of
different possible behaviors based on the integration of sensory
information.2-5 How sets of behaviors become activated or
inhibited as animals transition between environments remains
poorly understood. Distinct physical limitations posed by
different environments may effect selective pressure on behavioral
repertoires so that different motor patterns may become inhibited,
enhanced, or modified to maximize fitness.

The nematode Caenorhabditis elegans is a free-living worm
capable of locomotion in water and on land. Recently, we

showed that C. elegans uses distinct gaits for swimming in
water and for crawling on land.6 While crawling on an agar
plate (what we will call “land”), C. elegans engages in a number
of adaptive behaviors. These include sensory sampling by the
tip of its nose (foraging) ingestion of food (and liquid) by
its pharynx (pharyngeal pumping) and intestine defecation, and
egg-laying.7 Because these behaviors are under neural control
and are genetically tractable they present a unique opportunity
to study how motor patterns are modulated when animals
transition between distinct physical environments.8,9 Here we
investigated how aquatic and terrestrial environments (in the
lab) affect the performance of different motor programs in
C. elegans.

Results and Discussion

Worms reversibly transition from crawling on land to swimming
in water (Fig. 1). We previously observed that crawling was
accompanied by sub-behaviors, including foraging and pharyngeal
pumping, that were not observed during swimming. Moreover,
we found that inducing worms to ectopically crawl in water (by
experimental manipulations) also triggered additional behavioral
changes.6 We set out to determine whether land and water
environments influence the incidence of foraging, egg-laying,
defecation and feeding behaviors for C. elegans.

Foraging. Foraging involves the high frequency (~10 Hz)
oscillation of the tip of the head of crawling worms.10 Foraging is
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readily seen in plots of body curvature obtained by filming freely
crawling animals (Fig. 2 and Vid. S1). The variations in body
curvature at the tip of the head appeared to be due to foraging
and not due to noise in image analysis because body curvature
plots of the tip of the tail revealed no high frequency bending
(Fig. 2C). As described previously, foraging did not occur dur-
ing backward crawling.11 We observed worms foraging while
crawling forward or stopped on an agar surface (both on and off
food), however once worms entered a liquid puddle and began
swimming, foraging terminated (Fig. 2B).

Egg-laying. Egg-laying rate by wild-type worms crawling on a
bacterial lawn has been previously reported as 0.07–0.17 eggs/
minute.12 We found that well-fed first-day adults laid eggs at a
similar rate on a lawn of OP50 bacteria (0.14 eggs/min, Fig. 3A)
but that upon entering a puddle of NGM buffer their egg-laying
rate decreased nearly to a stop (0.002 eggs/min) for the ten
minute assay (Fig. 3A).

Defecation. Defecation was studied by first feeding worms
the vital fluorescent dye DiI mixed with bacteria and then
transferring them to different environmental conditions (Fig. 3B
and C). The defecation cycle was characterized by the clearly
visible contraction of the posterior intestine (pBoc).13 Worms
transferred to dry agar plates with bacteria as food showed a
defecation cycle frequency of roughly 56 sec (Vid. S2). However,
worms transferred to water above bacterial food arrested their
defecation rhythm (Fig. 3B).

Feeding. Feeding was also assayed with the help of fluorescent
dye. Worms were incubated on agar plates that contained the
fluorescent dye DiI (with or without bacterial food, OP50).
Successful ingestion of the plate contents was obvious by the
appearance of DiI within the lumen of the gut of worms harvested
from the plate after 10 min (Fig. 3D, i). Although C. elegans has
been reported to stop pumping its pharynx upon removal from a
food patch, we also observed that worms crawling on agar plates
devoid of bacteria took up DiI in the gut showing that feeding
behavior occurs also in the absence of bacteria—a behavior we
propose calling “drinking” (Fig. 3D, ii).14 To rule out passive
uptake of the DiI into the gut, we placed freshly killed worms

onto the same plates for the same period of time. Although some
individuals showed dye uptake into sensory neurons exposed to
the external environment as expected, none of the dead worms
showed dye uptake into the pharynx or gut.15

Dopamine induction of land-associated behaviors in water.
We previously showed that dopamine induces certain land-
associated behaviors in water.6 To investigate the ability of
dopamine to induce feeding behaviors in worms immersed in
water, we placed animals into a liquid mixture of dopamine and
DiI. Dopamine-treated worms displayed uptake of the dye in the
gut (Fig. 3D, iv); however, untreated worms showed no dye
uptake in the gut after ten minutes of swimming (Fig. 3D, iii).

We further investigated the ability of dopamine to stimulate
additional behaviors in worms immersed in water. We found that
it was also sufficient to induce foraging, feeding and defecation
motor programs in water in a dose dependent manner (Fig. 4A, C
and D) but had limited effect on inducing egg laying (Fig. 4B).

Sharp turns. Sharp turns (omega bends and reversals) are
the main way by which C. elegans changes its heading.16 We
found that on land, and consistent with previous reports, crawl-
ing worms most often changed direction by using reversals
(Fig. 5D, i).17,18 In water, however, swimming worms maintained
the average turning rate observed on land (about five sharp turns
per minute) but did so primarily by using omega bends (Fig. 5D,
ii and iii; Vids. S3 and 4).

C. elegans shows specific subsets of behaviors while swimming
and while crawling. As worms transitioned from crawling on
land to swimming in water they ceased to perform many
behaviors such as foraging (Fig. 2), feeding as well as egg laying
and defecation (Fig. 3). We have previously shown that, like
many animals, C. elegans has distinct gaits dedicated to terrestrial
or aquatic locomotion and that in water worms can travel faster
than they can on land.6 Previous work also showed that swimm-
ing C. elegans can chemotax in water which is reflected by our
observations that animals were able to maintain their turning rate
in water by increasing the use of omega turns over reversals
(Fig. 5).19 The results of the pharmacological experiments demon-
strate that dopamine can trigger the foraging, defecation and
ingestion motor patterns in swimming worms, eliminating the
possibility that swimming and/or immersion in water mechanic-
ally preclude the performance of these sub-behaviors (Fig. 4).
This is in keeping with our previous findings where we observed
worms deficient in serotonergic signaling engaged in foraging
even while still swimming.6 Because these motor patterns can
occur on land during active crawling or even in periods of
immobility (“dwelling”), it seems likely that foraging, feeding and
defecation are inhibited once worms enter water (as opposed to
being triggered by contact with land).

Although the balance between serotonin and dopamine appears
to be important in determining the permissibility of motor
outputs performed by C. elegans, the mechanisms by which this
gating takes place remain elusive and likely involve additional
amines.6 The remaining biogenic amines in C. elegans, tyramine
and octopamine, have been shown to inhibit egg-laying, foraging,
reversals and pharyngeal pumping and other serotonin-associated
behaviors on land.20,21

Figure 1. Caenorhabditis elegans employs distinct motor patterns to
crawl on land and to swim in water. Time lapse montage showing the
characteristic sinusoidal shape of worm as it crawls toward a 3 ml drop of
NGM buffer (left). Once it enters the drop it first abandons crawling and
then begin swimming during which it alternates between dorsal and
ventral “C” shapes (middle). After the liquid is absorbed by the agar,
worms cease swimming and begin emerging from the remaining
puddle, resuming crawling once they completely exit it (right).
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While we saw foraging and pharyngeal pumping for octopa-

minergic and tyraminergic-related mutants (tbh-1, octr-1, tdc-1,
tyra-3 and ser-2 mutants) both on water and land, we did not
observe eggs laying nor defecation in swimming (data not shown).
This suggests that these amines likely gate behaviors in a
combinatorial way.

In the wild, C. elegans is proposed to be a free-living nematode
that inhabits soil and feeds on the bacterial lawns associated with
decaying vegetation.22 Although C. elegans needs moisture to
survive, it is likely that its food source is most abundant in close
association with its solid decaying substrate. Indeed worms have
been reported to lay eggs adjacent to food sources and to inhibit
pharyngeal pumping and defecation while away from food.14,23

This would represent a remarkable parallel to other organisms
such as the leech, where serotonin has also been shown to inhibit
foraging, feeding and enteric processes in swimming animals.24

Recent work showed that nictating worms can be transported
to distant and potentially more appealing environments by riding
on other invertebrates.25 Our previous observation that worms
can locomote faster in water than on land, coupled with the often
translational nature of aquatic environments, could potentially
provide additional means of dispersal for this fragile and yet
ubiquitous, species.

Fluorescein dyes have been previously used in C. elegans
research.15 We found that feeding worms small quantities of DiI

(diluted in OP50 bacterial lawns) was an excellent way to image
and quantify the different motor programs associated with feed-
ing, digestion and defecation in C. elegans. The highly fluorescent
dye could label the food as it was ingested by the corpus,
masticated by the posterior bulb and swallowed by the intestinal
valve. Furthermore, the muscular contractions leading to defeca-
tion could be clearly imaged (Vid. S2) even at low magnifica-
tion. The number and spatial distribution of fluorescent excreta
on the agar plate could also be easily monitored in water and on
land. We therefore believe that this approach would prove
amenable to high throughput techniques applied to the study of
alimentary processes.

Our findings have additional implications for studies that
expose animals to different physical environments. Since the
cuticle and the gut are two of the largest organs in C. elegans,
animals feeding on a bacterial lawn are likely to absorb diluted
chemicals at a faster rate (and extent) than those that stop
feeding swimming in liquid. Furthermore, our observation that
worms on empty plates ingest dye into their guts suggests that
they are capable of drinking the fluid on the substrate. By
contrast, our dye experiments indicated that worms did not
feed nor drink when swimming. Pharmacological studies there-
fore can yield widely different potencies for drugs depending
on whether they are delivered on dry agar or in liquid. This
is illustrated by the finding that C. elegans requires 400 mM

Figure 2. Foraging behavior is suppressed during swimming. (A) Worms crawling on land and swimming in water were filmed and digitized using a
custom algorithm. This allowed us to obtain the angular excursions in the dorsal-ventral plane for different points along their body. Foraging excursions
in the left-right dimension could not be recorded. (B) While the majority of worms forage while they crawl on land, most cease foraging as they begin to
swim in water. (C) Examples of angular excursions for three points along the body of a worm (A) showing the foraging behavior during crawling and not
swimming (arrowheads).
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ethanol on land vs. over 800 mM ethanol in water to become
immobilized.26,27

Over 60 years ago, Nikko Tinbergen proposed a model for the
production of animal behavior in which the hormonal state of
an animal (under the influence of external and internal signals)

established a decision hierarchy dictating which behaviors an
animal would choose to perform.2 Jack Davis and others later
furthered Tinbergen’s work by showing that one mechanism by
which this model could work was by inhibitory interactions in
which one behavior always inhibited the production of another,

Figure 3. Swimming inhibits multiple behaviors. (A) Swimming worms reduced the rate at which they laid eggs. (B) Feeding worms with DiI allowed us to
observe alimentary behaviors as well as their fluorescent excreta (arrowheads). (C) Swimming worms interrupted their defecation cycles. (D) DiI was also used to
ascertain the feeding behavior of worms crawling on (i) and off food (ii), as well as those swimming in water (iii) or dopamine solutions (iv). (E) Worms crawling
on and off food readily ingested the DiI solution. However, worms swimming in a DiI solution did not ingest the dye unless dopamine was also present.
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thus setting the stage for the construction of hierarchical charts
describing the interaction between unrelated motor networks in
an animal.3 Originally these interactions were believed to be
exclusively mediated by dedicated command neurons.28 Evidence
now suggests that these decisions may be the result of com-
binatorial codes in which the combination of neurons recruited
decides the behavioral output.4 Our finding that environmental
transitions hormonally modulate the production of groups of
motor programs in C. elegans is evidence of the existence of
behavioral hierarchies. Specifically, swimming inhibits feeding-
associated behaviors and sharp reversal turns while crawling
promotes these behaviors and inhibits omega turns. The genetic
tractability, complete neural wiring diagram and behavioral
repertoire of C. elegans make it an attractive system for the study
of the mechanisms responsible for the coordination of adaptive
hierarchical behaviors.

Materials and Methods

Wild-type C. elegans were grown on nematode growth media
(NGM) agar plates seeded with OP50 bacteria at 20°C as
previously described.29

Statistical analysis. For all comparisons in this study, 30, n,
60. All the bars report means and variation is given as
SEM throughout. All statistical analysis was performed using
SigmaStat 3.5 (Aspire Software). Comparisons between different
experimental groups were performed by planned, two-tailed
paired or unpaired t-tests to compare different groups that
were normally distributed. Differences between non-normally
distributed groups (or those with unequal variances) were
compared using the Mann-Whitney ranked sum test. In all
cases, p values are reported following the convention: *p , 0.05
and **p , 0.001.

Behavioral assays. Each assay was conducted on never-starved,
young adult worms over several trials. Worms were cleaned of
bacteria by allowing them to crawl on an empty plate before each
experiment. After transfer to the assay plate, worms were allowed
a two-min acclimation period. Movie recordings were made at
30 fps, 344 pixels/mm using a Flea2 camera (Point Grey
Research) and StreamPix software (NorPix).

Foraging. We tested foraging by filming groups of 20 worms
in a copper ring (see below) and counting the fraction of worms
showing the typical high-frequency oscillations of the tip of
the head. Additionally, we digitally filmed individual crawling

Figure 4. Dopamine triggers land-associated behaviors in swimming animals. Worms swimming in dopamine solutions began foraging (A), laying eggs
(B), feeding (C) and defecating (D) in a dose-dependent manner.
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and swimming worms and analyzed as previously described19

(Movie S1). Angular data from the apical ends of the worms
were used to quantify high frequency oscillations during foraging
(Fig. 2).

Feeding. We placed groups of 20 worms on an agar plate
surrounded by a copper ring. To assay feeding behavior in the
presence of food we placed worms inside a ring containing
OP50 bacteria stained with a fluorescent dye (2 mM DiI, Sigma).
We also measured feeding behavior in crawling worms in the
absence of food by placing them in a ring without bacteria but
where 10 ml of 2 mM DiI was placed allowing the agar to absorb
the liquid and leave the dye behind. To assess if worms fed
while swimming in water we placed them in a ring filled with
300 ml of liquid NGM buffer (with 2 mM DiI). We tested the
potential role of dopamine in gating feeding behavior by placing
worms in a ring with 300 ml of dopamine dissolved in liquid
NGM buffer (DA: 5 mg/ml, or 33 mM; DiI: 2 mM). After
10 min of incubation in each of these conditions, we observed
worms under UV light and counted those with fluorescent DiI
in their intestine.

Egg-laying. The rate of egg laying was assayed by placing ten
first-day adult worms in a copper ring (measuring 1.4 cm in
diameter) over a bacterial lawn. Worms were allowed to lay eggs
for ten minutes after which they were removed and the number
of eggs counted. To measure egg-laying behavior in water
worms were assayed as above but in a ring that was prefilled
with 0.4 ml of liquid NGM buffer. We used liquid NGM buffer
to ensure that the osmolarity of the solution and that of the
plates were comparable, thus controlling for potential osmolarity
effects on this behavior.

Defecation. We incubated worms in a mixture of OP50
bacteria and 2 mM DiI for three hours. Worms with guts filled
with this mix were then selected for transfer to a new OP50
seeded plate (this time without DiI) where their defecation
behavior could easily be assayed using UV light to visualize
the contractions of their (now fluorescent) gut and excreta
(Movie S2). We assayed worms individually and in groups
of eight as follows: Worms were individually transferred (n = 20)
to a seeded plate and following a two-minute acclimation
period the time elapsed between posterior body wall contractions
(pBoc) was measured as previously described for 10 min.30

Additionally, groups of eight worms were selected as above and
transferred to seeded plates. The total number of fluorescent
excreta was counted at t = 2 min (after the initial two-minute
acclimation period) and at t = 12 min. The difference between
these numbers was used to calculate the average egestion
frequency. Because the mean frequencies obtained by these two
methods were similar, these data were pooled in the comparisons.
To assay worms in water, a copper ring was placed above a
bacterial lawn and prefilled with liquid NGM buffer (as
described above). The measurements were conducted as described
for groups of worms on dry agar. The stained bacteria were
sufficiently bright and cohesive to sink and remain visible for
the duration of the assay. Each assay was conducted four times
(n . 40).

Spontaneous reversal and omega turn rates. The centroid
tracks from crawling and swimming worms were obtained as
previously described.6 Briefly, 15 worms were placed in a copper
ring and filmed as they first crawled on agar and later swam in
liquid NGM buffer. The centroids of the animals, as well as their

Figure 5. Swimming and crawling worms maintain a constant turning
rate by distinct means. (A) Moving worms change their heading
principally by using omega bends (i) and reversals (ii). (B) Body curvature
matrix showing a ten second period during which a swimming worm
performed an omega bend resulting in a change in heading
(arrowhead). (C) Curvature matrix showing a crawling worm performing
a reversal resulting in a change in heading. In the plots blue, white and
red denote body angles of 50, 0 and -50 degrees respectively, a means
anterior and p posterior. (D) On land, worms used mostly reversals
to change heading (i) while in water, the use of omega bends
predominated (ii). Interestingly, the rate at which the animals turned
remained constant in both environments (iii).
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trajectories were obtained using ImagePro (Media Cybernetics).
The number of reversal and omega turning events were then
obtained from the digitized centroid tracks and confirmed from
the movies. For each animal, the number of individual omega
turns and reversals events were counted as they swam or crawl.
Only tracks from unobstructed animals (either by the copper ring
or another animal) were used.
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