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The fruit fly Drosophila larva demonstrates a sophisticated

repertoire of behavior under the control of a numerically simple

neural system. Historically, the stereotyped responses of larvae

to light and odors captivated the attention of biologists. More

recently, the sensory receptors responsible for

chemosensation, thermosensation, and vision have been

identified. While our understanding of the molecular logic of

perception has clearly progressed, little is known about the

neural and computational mechanisms guiding movement in

sensory gradients. Here we review evidence that larvae orient

based on active sensation — a feature distinct from the

strategies used by simpler model organisms. Reorientation

maneuvers are controlled by the spatiotemporal integration of

changes in stimulus intensity detected during runs and lateral

head movements.
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Introduction
Every form of life has adapted to a particular habitat, from

plankton that populates the Arctic Ocean to microorgan-

isms that thrive in the boil of sulfur-rich acid springs. But

within their local environment, species have evolved to

search for living conditions that optimize their growth.

Although this task could be fulfilled by a random search,

most organisms have evolved strategies to extract direc-

tional signals from their environment (Figure 1). Organ-

isms ranging from bacteria to mammals rely on olfaction

to provide them with such information. While tracking an

appetitive odor, animals actively seek for cues informing

them about the position of the source. Snakes, dogs, and

humans meander across the trail of a prey, whether it is a

bitten mouse, a pheasant or a chocolate reward [1�,2]. So

do ants as they move along pheromone trails [2]. During
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trail-tracking behavior, sensory inputs and motor outputs

are necessarily coupled in a feedback loop. To infer the

direction of the stimulus, animals commonly move their

sensors in a search pattern. Our understanding of how

sensory information that is transduced through molecular

pathways and neural activities instructs movement of

sensors and ultimately orientation maneuvers remains

limited. Over the past few years, the fruit fly Drosophila
melanogaster larva has become as a powerful model system

to address these questions.

The larval nervous system comprises less than 10,000

neurons — ten times fewer than its adult counterpart —

organized in a central brain and a ventral nerve chord

[3,4]. Its relative numerical simplicity holds the promise

of being fully mapped during the coming decades. Like-

wise, the behavioral repertoire of the Drosophila larva is

reduced to a more tractable dimension compared to

walking and flying insects. We believe that there is a

scope for identifying elementary motor programs forming

the building blocks of behavior [5�,6�,7��]. When exposed

to sensory gradients, larvae demonstrate stereotypical

orientation responses that allow them to move toward

favorable conditions (protein-rich food sources) and away

from dangers (heat, cold, dehydration). The trajectories

larvae follow in odor gradients display the typical zigzag-

ging searching patterns observed in insects, crustaceans

and vertebrates [8,9]. Active sensation has recently

emerged as a common theme underpinning chemotaxis

and thermotaxis [10��,11��]. A series of qualitative obser-

vations suggests its relevance to larval phototaxis [12,13].

These processes are ideally suited to elucidate general

principles about the sensory-motor transformations that

underlie orientation behavior. Here, we review recent

progress in addressing two fundamental questions in

sensory neuroscience: what are the sensory signals direct-

ing elementary behavioral transitions? How are these

signals processed to orchestrate specific motor programs?

Elementary classes of orientation responses
Behavioral responses elicited in a sensory gradient can be

classified into direct and indirect orientations [2]. Each

type involves distinct operations (Figure 1), which in turn

constraint the architecture of the sensory system.

In spite of its name, bacterial chemotaxis is a notable

example of kinesis. Several species of bacteria move by

alternating bouts of straight swimming with random

changes in orientation. When a bacterium undergoes

an increase in the concentration of an attractant, its rate
www.sciencedirect.com
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Main types of orientation behavior. (a) Operational criteria for the classification of spatial orientation behavior into indirect (kinesis) and direct (taxis)

responses. Figure adapted from [52]. (b) Illustration of the orientation strategy employed by bacteria (left), fruit fly larvae (center) and walking bees

(right) in a chemical gradient. The trajectory of the body and chemosensors is represented as a plain and a dashed curve, respectively. Bacteria

implement a biased random walk where runs are elongated in the direction of the gradient (klinokinesis) [14]. Fruit fly larvae are capable of directing

their turns toward the gradient [10��,24��]. This mechanism involves active sampling through lateral head movements (klinotaxis) [10��]. To orient in an

odor gradient, walking bees compare the inputs from their left and right antennae and veer toward the side of highest stimulation (tropotaxis) [22].
of turning is decreased and swims are elongated toward

the stimulus (Figure 1b) [14]. The orientation is indirect

since the stimulus causes a change in the distribution of

turning angle without affecting the mean direction of

turning (klinokinesis, Figure 1a) [15]. A similar mechanism

controls the egg-searching behavior of spermatozoa in

various species including humans [16].

Taxis can be subdivided based on the nature of the signal

driving behavior (Figure 1a). In a tropotaxis, reorientation

involves the spatial comparison of stimulus intensity

measured at several separate sensors. In a klinotaxis, reor-

ientation proceeds from the comparison of stimulus inten-

sity over time during sequential sampling. A salient
www.sciencedirect.com 
difference between tropotaxis and klinotaxis is that tropotaxis
does not require the use of a memory: comparing the input

of two sensors can be instantaneous. In a klinotaxis mech-

anism, the animal must associate sequences of sensory

experiences with proprioceptive feedback (body postures).

To navigate in odor gradients, humans and rats exploit the

measurement of concentration differences on the order of

5–10% between the right and the left nostrils [1�,17,18].

Delays smaller than 50 ms can be detected in the arrival

time of the odor at the two nostrils [19�,20]. Apart from

these examples of tropotaxis, orientation based on the

differential stimulation of two sensors does not necessi-

tate a sophisticated nervous system. In the larva of the
Current Opinion in Neurobiology 2012, 22:208–215
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marine zooplankton platynereis dumerilii, phototaxis is

controlled by two primitive eyes — one on the left and

the right sides of the head [21��]. Each eye modulates the

beating of cilia on the adjacent side of the body. Selective

illumination of one eye induces turning toward that side.

Local differences in the light exposure of each eye are

sufficient to direct motion toward a light source [21��].
Similarly, bees and adult flies turn in the direction of the

antenna exposed to the highest stimulus intensities in an

odor gradient [22,23] (Figure 1b).

Behavioral analyses have revealed that the mechanism

utilized by larvae to navigate in olfactory gradients cannot

be explained only by a principle of stereo-olfaction found

in bees and adult flies (tropotaxis, Figures 1 and 2c), nor

can it be reduced to the biased random walks of Escher-
ichia coli and Caenorhabditis elegans (klinokinesis, Figure 1a)

[24��,25]. The picture that is currently emerging is that of

a klinotaxis mechanism controlled by active sampling

through lateral movements of the head sensors

[10��,11��,25,26]. Before reviewing recent progress in

our understanding of sensory orientation, we briefly

describe the locomotor behavior of the larva.

Motor program underlying larval locomotion
Drosophila larvae progress in space by sequences of for-

ward motion (runs) punctuated by short pauses that are

usually followed by a turn. The stereotypical patterns of

motor activity underpinning peristalsis during straight

motion are reasonably well understood [27,28]. Forward

locomotion consists of cyclical peristalsis where a wave of

extension propagates from the posterior to the anterior

segments (Figure 2a). When the wave reaches the head,

the mouth hooks are projected forward before they are

anchored into the substrate. The head is then pressed

against the substrate while the body is pulled forward due

to the anterior thrust (Figure 2a, snapshot at time 2 s).

Upon forward translation of the body, the head is released

and lifted above the surface of the substrate (snapshot at

time 2.4 s) and a new cycle of contractions is initiated

from the posterior segments.

During body bends and turns, the motor symmetry be-

tween the left and right segments is broken. The ampli-

tude of the contractions is larger on the side toward which

the larva veers. The pattern of motor dynamics has been

elegantly dissected in freely moving larvae by combining

fluorescence microscopy and high-resolution behavioral

analysis [5�]. Orientation behavior in the larva is com-

posed of three main programs: first, transition from for-

ward run to a brief pause; second, head sweeping to

identify the direction of the next run; and third, imple-

mentation of a turn by resumption of forward peristalsis

(Figure 2a,b). This pattern appears to hold for orientation

directed by at least three types of sensory modalities:

chemotaxis, thermotaxis and phototaxis [10��,11��,12,13]

(Figure 2c).
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Sensory-motor algorithms controlling
orientation in response to odors, temperature
and light
Spatial orientation in static odor gradients is stereotyped

and precise (Figure 3a–c) [24��]. Recent observations

indicate that larvae regulate the probability of initiating

a turn by integrating the time course of olfactory input

[10��]. When a larva moves up gradient, it experiences a

steady increase in concentration that suppresses turning.

While moving down gradient, it experiences a steady

decrease in concentration that triggers the initiation of

a turn. This behavior is reminiscent of the sensory-motor

control of transitions between runs and ‘pirouettes’

(turns) in C. elegans — a process, which is thought to

include temporal differentiation of the odor concentration

and the nonlinear transformation of a low-pass filtered

version of this signal [29��]. Like in C. elegans, the

response to a negative odor gradient is not immediate

in the larva: a run is interrupted after the detection of a

prolonged stereotyped decrease in concentration [10��].
Upon interruption of a run, the larva pauses and casts its

head (Figures 2b and 3c). Lateral head casts are associated

with the detection of small concentration changes at the

olfactory organs (Figure 2c) between straight and bent

postures. The detection of differences as small as 50 nM is

sufficient to orient three-quarters of the turns toward the

gradient (klinotaxis) [10��]. This turning bias is not found

in E. coli and C. elegans [14,29��].

Drosophila larvae show a natural preference for tempera-

tures corresponding to their maximum growth rate (24 8C)

[26]. The ability of larvae to ascend or descend a heat

gradient toward a temperature of comfort has been docu-

mented in several studies [11��,30]. One can distinguish

two types of thermotaxis: positive (from lower to pre-

ferred temperatures) and negative (from higher to pre-

ferred temperatures). The receptors and neurons

implicated in these behaviors are outlined in Figure 2c.

The navigation strategy directing thermotaxis has been

studied in detail by Samuel and coworkers [11��]. During

positive thermotaxis, rises in temperature tend to sup-

press the initiation of turning. Before turning, the larva

engages in side-to-side head casts to detect asymmetries

in their thermal environment. The probability of accept-

ing the direction of a head cast increases if the larva

experiences a rise in temperature. Conversely, the prob-

ably of rejecting a head cast increases as the larva experi-

ences a fall in temperature. On average, turns are biased

in the direction of preferred temperature. The direction

of the first head cast is random in heat gradients whereas it

is biased toward the side of higher concentrations in odor

gradients [10��,11��].

Several lines of evidence suggest that a similar algorithm

directs larval phototaxis. Upon sudden illumination, for-

ward locomotion is interrupted: larvae pause before head

casting [31]. In pioneering experiments, Mast observed
www.sciencedirect.com
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Figure 2
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Motion and sensors of the Drosophila larva. (a) Side view of forward crawling. Larvae move by virtue of peristaltic contractions. A wave of contraction-

extension propagates throughout the larval body, from the posterior (tail) to the anterior (head) ends. The sequence of snapshots illustrates the

progression of the contraction front (white arrow) along the body segments of a third instar larva (body length: �3 mm). The time elapsed since the

onset of the wave is indicated in seconds (top-left corner of each picture). When the wave reaches the anterior end, the head is pressed against the

agarose substrate (time: 2 s) before being lifted upwards (time: 2.4 s). Because of the animal handling, this peristaltic sequence is about twice as slow

as in normal conditions. Pictures courtesy of Balaji Iyengar. (b) Top view of body posture changes. A sequence of behavioral transitions encompassing

active sampling and turning. At time t = 1 s, the larva interrupts its motion. Next, it implements a head cast to the right (t = 2 s) followed by a head cast

to the left (t = 4 s). Finally, a turn is initiated upon resumption of peristalsis. Pictures courtesy of Balaji Iyengar. (c) Schematic of peripheral sensory

systems involved in olfaction, vision, and thermosensation. The two larval noses (dorsal organs) are located at the tip of the head. Each dorsal organ

hosts 21 olfactory sensory neurons (OSNs) [53]. The OSN axons form the antennal nerve project to central nervous system (white). The larva is

equipped with a visual system consisting of a pair of 12 photoreceptors forming Bolwig’s organs (BOs). The photoreceptor neurons of the BOs project

onto larval optic neuropile of the central brain [33]. Response to light is also mediated by transient receptor potential (TRP) channels expressed in

multidendritic class IV neurons covering the body wall [34]. Thermosensation is mediated by neurons located in the terminal organs of the head and

chordotonal neurons found in the body wall [30,54]. Larval thermotaxis is also controlled by a set of TRP-expressing neurons in the central brain [55].

www.sciencedirect.com Current Opinion in Neurobiology 2012, 22:208–215
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Figure 3
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Active sampling during larval chemotaxis. (a) Static odor gradients are created in a closed arena measuring 8 by 12 cm. These gradients are used to

study the chemotactic responses of third instar larvae. The odor landscape was reconstructed by infrared spectroscopy [24��]. A single source of ethyl

butyrate (125 mM) is placed at the position indicated by the read star. (b) Superimposition of the trajectories corresponding to eight larvae tested

independently in the gradient shown in panel (a). The starting position of each trajectory is indicated by a white dot. The contour lines in light gray

represent concentration isoclines. (c) Trajectory of a larva navigating toward the odor source in the odor gradient is shown in panel (a). The position of

the head and the center of mass are indicated in magenta and black, respectively. We focus on three illustrative turns (corresponding to time points T1,

T2 and T3) preceding the arrival to the source. (d) Stimulus history at turns T1, T2 and T3. Top panels: time course of the absolute concentration

measured at the head and body positions during a 10-s window centered on each turn (green star). Middle panels: time course of the changes in

concentration measured at the head position [10��]. Bottom panels: time course of the relative changes in concentration over time. A comparison

between the middle and bottom panels illustrates the advantage of concentration-normalizing the detection of intensity changes during head casting.

All panels adapted from [10��].
that the average amplitude of head casts pointing away

from light tend to be larger [32]. Larvae orient along the

direction that exposes its body and head to the least

amount of light. Two classes of sensors mediate response

to light. First, Bolwig’s organs (BOs) constitute a pair of

primitive eyes comprising 12 photoreceptors [33]. The

BOs mediate avoidance at low light intensities. They are

required for negative phototaxis [13]. Second, the class IV

multidendritic neurons are implicated in avoidance beha-

vior at high light intensities and prolonged exposures

(Figure 2c) [34]. The photoreceptors within the BOs

are arranged in a facet-like manner on the left and right

sides of the head [13]. The anatomical structure of the
Current Opinion in Neurobiology 2012, 22:208–215 
larval visual system indicates that it may capture direc-

tional information about the stimulus. Whether larval

phototaxis is controlled by the integration of left-right

differences in light stimuli — a rudimentary form of

stereo-vision (tropotaxis) — has not been addressed yet.

Still, larvae can distinguish a sharp spatially defined light–
dark transition and execute head cast responses [12].

Head casting mediates sensory snapshots
analogous to ‘sniffing’
Vertebrates control the intake of olfactory input by ‘sniff-

ing’. During sniffs, rapid samples of odor are drawn into

their nasal passages [35]. Similarly, crustaceans sample
www.sciencedirect.com
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their olfactory environment at a frequency inversely

proportional to the size of their antennules, which main-

tains the rate of odor interception constant [36]. A com-

mon point between larval chemotaxis, thermotaxis and

phototaxis is the use of head casts as an active sampling

mechanism [10��,11��,13]. A turn is preceded by an

average of two head casts during which the surrounding

gradient is probed (Figure 2b): larvae appear to make up

their mind in less than two ‘sniffs’. In odor gradients, the

frequency of head casting increases with the difficulty of

the reorientation task [10��]. During a head cast, the larva

performs a temporal integration where increases and

decreases in odor concentrations are associated with

changes in head position (Figure 3d, top plots). Given

that the response properties of larval olfactory sensory

neurons have not been characterized to dynamical

stimuli, one can only speculate about the nature of the

signal instructing run-to-turn transitions and turn direc-

tionality. The time derivative of the odor concentration

shows contrasted signals when the head is engaged in

casting (Figure 3d, middle and bottom plots). By analogy

with bacteria [37�], one can hypothesize that Drosophila
larvae perceive changes in the logarithm of the odor

concentration. A normalization of the stimulus concen-

tration would be advantageous to maintain a high sensi-

tivity over the whole range of concentration detected in

natural environments (Figure 3d, bottom plots).

Outlook: from behavior to neural circuits
Drosophila neurobiology is at a turning point. Upcoming

technological developments should put us in position to

test specific hypotheses about the circuit mechanisms

governing sensory-driven orientation behaviors. A new

generation of tracking algorithm makes it possible to

characterize the sensory-motor behavior of larvae at

remarkably high resolution for single and group of

animals [5�,38]. Adapting new methodologies for in vivo
extracellular recordings and calcium imaging in the larva

will be instrumental in helping to clarify how sensory

information is represented in the peripheral nervous

system [39,40�,41]. Given that the sensory signals direct-

ing larval orientation consist of complex changes in

stimulus intensities (Figure 3d), it will be essential to

move beyond the characterization of step-like signals and

study the representation of more realistic time-varying

stimuli [42,43��]. Following the example of bacterial

chemotaxis, mathematical modeling will be a key tool

to decipher how sensory information propagates in feed-

back circuits [37�]. The conversion of sensory input into

behavioral output can now be examined by means of

optogenetics [44,45]. Ultimately, the combined used of

these tools should permit us to probe the function of the

larval sensory circuits in virtual reality experiments

[46,47].

The larva represents a tractable system to investigate how

a simple neural network carries out flexible sensory-motor
www.sciencedirect.com 
tasks. We expect that the circuit-function relationships

uncovered for chemotaxis and thermotaxis will be

relevant to other orientation responses elicited by oxygen

and carbon dioxide [48,49]. The observation that larval

chemotaxis is based on a temporal-comparison strategy

(klinotaxis, Figure 1a) appears to hold for larvae of other

species. The host-seeking behavior of parasitoid larvae is

guided by a mechanism similar to chemotaxis in the

Drosophila melanogaster larva [50]. Like for gene regulat-

ory networks, we anticipate that ‘general principles that

govern the structure and behavior of modules may be

discovered with help from synthetic sciences such as

engineering and computer science, from stronger inter-

actions between experiment and theory in cell biology,

and from an appreciation of evolutionary constraints’ [51].
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