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Mini-brain computations converting dynamic olfactory inputs 
into orientation behavior

Matthieu Louis
Neuroscience Research Institute & Department of Molecular, Cellular, and Developmental 
Biology, University of California, Santa Barbara, Santa Barbara, CA 93106, USA

Department of Physics, University of California, Santa Barbara, Santa Barbara, CA 93106, USA

Abstract

The neural logic underlying the conversion of non-stationary (dynamic) olfactory inputs into odor-

search behaviors has been difficult to crack due to the distributed nature of the olfactory code —

food odors typically co-activate multiple olfactory sensory neurons. In the Drosophila larva, the 

activity of a single olfactory sensory neuron is sufficient to direct accurate reorientation maneuvers 

in odor gradients (chemotaxis). In this reduced sensory system, a descending pathway essential for 

larval chemotaxis has been delineated from the peripheral olfactory system down to the premotor 

system. Here, I review how anatomical and functional inspections of this pathway have advanced 

our understanding of the neural mechanisms that convert behaviorally-relevant sensory signals into 

orientation responses.

Transforming sensory signals into orientation behaviors

Olfaction has two main purposes: odor categorization and odor-source tracking. While the 

identification of an odor can be seen as an on-the-spot process that “decodes” the subset of 

co-activated olfactory sensory neurons, the tracking of an odor source involves the detection 

of temporal changes in odor concentration to organize locomotion toward the source. As 

movement is necessary to sample the olfactory world, sensation and behavior are intertwined 

in a sensorimotor loop [1]. The genetic tractability of the Drosophila nervous system [2] and 

its numerical tractability offers an opportunity to decipher the neural-circuit computations 

underlying sensorimotor integration during navigation in odor gradients (chemotaxis).

Active sampling to detect stimulus derivatives

Soon after embryonic development, Drosophila larvae use their sense of smell [3,4] and the 

computational power of ~10,000 neurons to forage on fruits in the wild [5]. Whereas many 

insects encounter discontinuous olfactory stimulations in plume structures while flying [6] 
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and walking [7], small animals like larvae tend to experience less turbulent sensory 

conditions due to the zero velocity of the air at the interface between the atmosphere and the 

substrates on which they move [8]. When exposed to smooth attractive-odor gradients, 

Drosophila larvae demonstrate precise and reproducible orientation responses (Fig. 1A) [9]. 

Quantification of behavior in controlled odor gradients has revealed key principles directing 

larval chemotaxis [9–11].

The algorithm organizing larval chemotaxis can be decomposed into elementary 

sensorimotor tasks [12] (Fig. 1B). In analogy with bacterial chemotaxis [13], larvae move 

through “runs” propelled by forward peristalsis [14] and punctuated by two types of 

reorientation maneuvers: (i) smooth turns (“weathervaning”) in which animals gently curve 

toward the source during a run [15,16] and (ii) stops followed by wide-amplitude turns 

(stop-turns) [10,11]. Both types of turns are biased toward the local gradient as a result of 

lateral scans of the head (exploratory movements colored in magenta in Fig. 1A) —an 

active-sensing process analogous to sniffing in vertebrates [12]. Each aspect of larval 

chemotaxis relies on the detection of temporal changes in odor concentration (derivatives). 

How are these derivatives measured and used to orchestrate reorientation maneuvers? To 

address this question, Drosophila systems neuroscience has capitalized on the advent of 

complementary technologies including optogenetics [2] and computational modeling [17] to 

design new experimental paradigms testing mechanistic hypotheses.

Peripheral representation of dynamic stimuli in a minimalistic olfactory 

system

The olfactory system of the Drosophila larva comprises 21 olfactory sensory neurons 

(OSNs) that express the canonical odorant co-receptor Orco [18]. As in adult flies [19], the 

peripheral representation of an odor —its identity and its intensity — entails the co-

activation of a subset of OSNs with different receptive fields [20,21]. Nevertheless, this 

“population code” is not necessary to achieve reorientation: with the information of a single 

OSN, larvae are capable of robust chemotaxis [9] (Fig. 1B). While some OSNs can elicit 

attraction on their own (e.g., the OSN expressing the odorant receptor Or42a) [9], others 

elicit repulsion (e.g., Or49a) [22] or no directional responses at all (unpublished 

observations). Thus, the core sensorimotor mechanisms guiding larval chemotaxis can be 

investigated in animals with an olfactory system reduced to the Or42a OSN alone [9]. One 

should nonetheless keep in mind that different OSNs are likely to direct distinct 

sensorimotor responses [23].

A key function of the olfactory system is to extract temporal patterns in the concentration of 

food-related odors. During larval chemotaxis, reorientation is triggered by stereotyped 

changes in odor concentration [10,11]. The detection of strong positive gradients maintain 

larvae in run mode. Conversely, the detection of negative gradients over several seconds 

promotes switches from a run to a stop-turn. During stops, head casts enable the detection of 

gradients on a timescale of ~500 ms [15]. Positive gradients are correlated with the 

“acceptance” of a head cast (conversion of a head sweep into a turn). Negative gradients are 

correlated with the “rejection” of a head cast by initiating a new cast [10,11]. The same logic 
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is thought to direct weathervaning through low-amplitude head casts executed at the end of 

each peristaltic cycle [15] —a active-sampling process that has recently been explored in 

agent-based simulations [24]. How do OSNs represent positive and negative odor gradients 

measured over several seconds or on shorter timescales?

Sensory features extracted by a single olfactory sensory neuron

In the “empty neuron” heterologous-expression system of the adult fly expressing the Or42a 

odorant receptor, prolonged odor pulses elicit transient phasic discharges followed by a 

lower tonic response [20]. Like other odorant receptors, the dose response of the Or42a 

receptor follows a sigmoidal (S-shaped) curve [20,21] expected from the biochemistry of 

odor binding [25]. In addition, the OSN response includes a complex phasic component 

revealed by carrying out electrophysiology recordings in the larval olfactory system [26]. In 

response to odor ramps with an amplitude and a temporal profile mirroring the sensory 

experience of freely-moving larvae [26] (Fig. 1C, top panel), the firing activity of the Or42a 
OSN displays nonlinear characteristics (Fig. 1C, bottom panel). While positive odor 

gradients evoke graded increases in firing rate, strong negative gradients repress the OSN 

activity below baseline (Fig. 2). Thus, a single larval OSN combines the function of an ON 

and an OFF detector, two operations that are usually distributed between distinct classes of 

sensory neurons [27]. A systematic input/output analysis has also established that the firing 

dynamics of the Or42a OSN captures the first derivative of the stimulus intensity (Fig. 2), 

much like the OSNs of adult flies [25,28,29].

The ability of fly OSNs to extract the temporal derivative of odorant stimuli is reminiscent of 

bacterial chemotaxis. Escherichia coli can detect temporal changes in the concentration of 

chemicals over five orders of magnitude [30]. Differentiation of the stimulus is underpinned 

by a negative feedback loop that regulates the biochemical activity of chemoreceptors [31]. 

This negative feedback enables bacteria to respond to the shape of the stimulus profile 

irrespective to its absolute intensity (fold-change-detection property) [31,32]. Whether the 

larval olfactory system demonstrates fold-change detection is unknown, but the activity of 

the larval Or42a OSN can be accurately described by a coarse-grained model featuring a 

feedforward motif [26] (Fig. 3B) capable of fold-change detection [32]. The biophysical 

mechanisms underlying the ability of fly OSNs to measure temporal derivatives involve 

adaption of the olfactory transduction cascade on a timescale of a few hundred milliseconds. 

In addition, the spike generation machinery of the OSN computes the derivative of the 

current produced by the transduction cascade [25,33]. The fact that fly OSNs display the 

adaptive gain-control of Weber-Fechner law [33,34] as well as adaptation to the variance of 

the stimulus [33,35] reminds us of the high degree of information processing that single cells 

are capable of [36].

Characterizing sensorimotor transformation in virtual-odor realities

Reorientation is inherently probabilistic in invertebrates [37]. In absence of olfactory 

stimulation, transitions from runs to stop-turns take place stochastically in the Drosophila 
larva [10,26]. To study the modulatory effects of the activity of the Or42a OSN on the 

probability of interrupting a run, it is necessary to analyze a collection of runs stimulated by 

the same input signal. While presenting freely-moving larvae with identical patterns of 
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olfactory stimulation is technically challenging with real odors [10], near-perfect control 

over the activity of the Or42a OSN can be gained in virtual realities [38] combined with 

optogenetics. Larvae expressing the light-gated-ion-channel channelrhodopsin [2] in their 

Or42a OSN (Or42a>ChR2) demonstrate strong chemotaxis (Fig. 1D) in light gradients 

synthesized by a closed-loop tracker [26]. Building on this paradigm, the tracker can be used 

to evoke the same pattern of Or42a OSN activity at the onset of a series of consecutive runs 

(Fig. 3).

Based on a linear regression between the activity of the Or42a OSN and the instantaneous 

stop-turn probability, the behavior of the larva can be predicted by a generalized linear 

model (GLM) [26] (Fig. 3C). Simply put, the GLM establishes that strong firing activity of 

the Or42a OSN (ON response) is a GO signal that promotes running. Conversely, inhibition 

of the OSN activity (OFF response) promotes stopping. Similar conclusions have been 

reached from reverse-correlation analyses with white-noise stimulations [39,40]. A major 

outcome of the GLM is that the information about the stimulus intensity and its first 

derivative alone are insufficient to make accurate behavioral predictions [26]. Therefore, the 

intracellular processing within the Or42a OSN achieves nonlinear-temporal computation 

essential for proper chemotaxis. Agent-based simulations [7,41] represent a powerful 

framework to test whether the combination of these mechanisms is sufficient to replicate the 

behavior of real animals.

Neural correlates of action selection and motor actuation

Motor programs (actions) are thought to be issued by the activation of specific descending 

neurons that connect the brain to the premotor system in the ventral nerve cord (VNC) of 

insects. Although descending neurons are frequently described as “command neurons”, it is 

important to appreciate that any descending neuron acts in concert with other neurons 

conditioning the implementation of a motor “command” [42]. The adult fly has ~550 pairs 

of descending neurons [43] with an anatomical organization that is well-characterized [44]. 

The optogenetic activation of individual descending neurons can trigger stereotyped 

behaviors [45]. Given that the same action can be elicited by distinct descending neurons, 

redundancy must exist in the function of individual descending pathways. The larva 

possesses a reduced set of ~50 descending neurons that has not been examined in detail yet 

[46].

What information does the larval brain provide?

The VNC of the larva is believed to be the site of central pattern generators underpinning 

peristalsis [47]. Spontaneous transitions between forward peristalsis and stops can occur in 

absence of the brain [48,49]. Inputs from the brain are nonetheless essential for the proper 

execution of stop-turns upon detection of negative odor gradients. This function is carried 

out in part by the PDM descending neuron (PDM-DN) downstream from the Or42a OSN 

[50] (Fig. 4Ai). Electron-microscopy (EM) of the larval nervous system [51] has enabled a 

systematic reconstruction of the main neuronal pathway upstream and downstream from 

PDM-DN [50] from its sensory afferents down to the motor system (Fig. 4Aii). Anatomical 
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and functional data suggest a subdivision of the PDM-DN descending circuitry into three 

modules.

Upstream module: sensory encoding

The main upstream partners of PDM-DN are the Or42a and Or42b OSNs —a result 

consistent with the fact that PDM-DN was identified in a loss-of-function screen conducted 

with an odor (ethyl butyrate) that preferentially activated this pair of OSNs [50]. Loss-of-

function of PDM-DN does not impair chemotaxis to all odors, hinting at the existence of 

descending pathways downstream from OSNs that do not innervate PDM-DN. The Or42a 
and Or42b OSNs project onto the antennal lobe, which includes an elaborate network of 

interneurons [52]. Given the high-degree of information processing that takes place in the 

first-order Or42a OSN, what could be the role of the antennal lobe circuit in the 

sensorimotor transformation of dynamic olfactory inputs to direct chemotaxis? 

Electrophysiological inspections in adult flies have concluded that projection neurons (PNs) 

capture the derivative of the activity of their cognate OSNs [29] through a synaptic 

depression mechanism [53]. Since OSNs encode features related to the first derivative 

(speed) of the stimulus [26,28], PNs respond in part to the second derivative (acceleration) 

of the stimulus. Considering the architectural similarities of the antennal lobe of the larva 

and the adult fly [18], it is possible that the larval uniglomerular Or42a PN (Or42a uPN) 

encodes information related to the speed and the acceleration of the stimulus. The extraction 

of such features might be useful for larvae to optimize their ascent of odor gradients leading 

to food sources.

Central module: PDM-DN regulatory circuit

The Or42a uPN is connected to PDM-DN via two main routes [50]: (i) through the LH-LN1 

neuron and (ii) through LH-LN2 neuron, which lies downstream from LH-LN1 (Fig. 4B). 

Accordingly, the LH-LN1 and LH-LN2 neurons form a feedforward motif [54]. Whether the 

interactions between elements of this microcircuit are excitatory or inhibitory is still 

unknown. While awaiting the characterization of the neurotransmitters released by the LH-

LN neurons, theory allows us to speculate about circuit diagrams that could produce action 

selection. Most larval olfactory projection neurons are cholinergic [55]. Therefore, the effect 

of Or42a uPN onto LH-LN1 is likely to be increased. In response to positive gradients 

activating the Or42a OSN and uPN, the activity of LH-LN1 must be excited. For PDM-DN 

to stay inactive during upgradient runs, the effect of LH-LN1 on PDM-DN must be 

inhibitory. By extension, it is reasonable to assume that LH-LN1 has an inhibitory effect on 

LH-LN2. Under these assumptions, we are left with two possible circuit diagrams (Fig. 4C): 

either LH-LN2 has an excitatory or an inhibitory effect on PDM-DN, which corresponds to 

a coherent and an incoherent feedforward (FF) loop according to the nomenclature 

introduced by Alon [54]. Although the dynamical properties of these two circuit motifs 

remain unresolved, an inhibitory interaction from LH-LN2 onto PDM-DN does not seem 

compatible with PDM-DN excitation at low activity of LH-LN1 during downgradient runs 

(Fig. 4C). Therefore, we speculate that a coherent feedforward loop might provide a core 

mechanism for action selection (Fig. 4C, top panel). If one envisions the possibility that LH-

LN1 has antagonistic effects on LH-LN2 and PDM-DN [56], then other motifs should be 

considered. In view of the computation achieved by a single sensory neuron (Fig. 3B), we 
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cannot rule out that action selection mostly results from physiological properties of PDM-

DN itself. These questions are left to be addressed in future work.

Downstream module: motor-actuation and more

The larval body can be partitioned into the head region, three thoracic and eight abdominal 

segments including the tail region [14]. Forward crawling results from the propagation of 

peristaltic waves of muscle contraction along the posterior-to-anterior axis (think about the 

familiar stride pattern of a caterpillar). The optogenetic activation of PDM-DN triggers 

deterministic stops [50]. During prolonged excitation of PDM-DN, peristalsis remains 

arrested but lateral head casts are released. How can two apparently mutually exclusive 

actions —stops and head movements — coexist? The majority of the active presynaptic sites 

of PDM-DN are located in the suboesophageal zone (SEZ), a premotor area interfacing the 

brain lobes and the VNC (Fig. 4Ai). PDM-DN is cholinergic and it synapses onto several 

downstream partners in the SEZ, including the GABAergic descending neuron SEZ-DN1 

(Fig. 4B). The axon terminals of SEZ-DN1 lie in the VNC region where they project onto 

the segmentally repeated network of A27h premotor neurons whose activity is correlated 

with forward peristalsis [57]. Remarkably, the inhibitory action of SEZ-DN1 onto the A27h 

neurons is restricted to the posterior (tail) segments of the VNC. This permits a block of the 

initiation of peristaltic waves while enabling contractions of the thoracic segments to 

produce head casting [50].

Besides the sensory mechanisms that directly gate the activation of specific descending 

pathways, the SEZ has emerged as a multisensory premotor hub that participates in the 

selection between competing actions related to locomotion and feeding [58,59]. In 

agreement with this model, the SEZ is compartmentalized into distinct sensory modalities 

[60]. While much remains to be discovered about the functional organization of the SEZ, a 

refined and more selective activation of multiple active descending pathways might result 

from a winner-take-all dynamics within the SEZ circuitry [61]. As for the control of 

courtship behavior in adult flies [62], it is also possible that a threshold-based mechanism 

within PDM-DN itself contributes to the selective activation of different motor programs.

Outlook: deciphering the making of adaptive sensory decisions

Larval chemotaxis is striking due its persistency and reproducibility across individuals. In 

most olfactory assays, no food is found at the peak of the odor gradient. And yet foraging 

larvae are drawn back to the odor source for minutes if not longer. As the effects of 

starvation grow stronger, larvae eventually lose interest in the “deceitful” odor and search for 

another potential food source [3]. Habituation to the irrelevant odor might arise from a 

process called “negative image” [63] implemented by local inhibitory interneurons in the 

antennal lobe [52]. A gradual loss of interest in the odor might also result from 

neuromodulation via the neuropeptide F and dopaminergic neurons [64] in a mechanism 

similar to the modulation of odor-search persistency in adult flies [65]. Finally, larvae are 

capable of associative conditioning [66] during their interactions with the environment. 

Individual aspects of the sensorimotor control of larval chemotaxis (e.g., the ability to turn 

while moving down-gradient, Fig. 1B) can be gradually tuned to produce enhanced or 
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reduced attraction to a given odor [67]. Where and how the innate and learned olfactory 

pathways interact to produce adaptive sensorimotor transformation is a fascinating problem 

that can now tackled by combining electron microscopy, functional imaging, behavioral 

inspections and computational modeling [68,69].
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Highlights

• Anatomical map of a sensorimotor pathway guiding chemotaxis in the 

Drosophila larva

• Single olfactory sensory neurons measure behaviorally-relevant odor 

gradients

• Single olfactory sensory neurons combine the functions of ON and OFF 

detectors

• A single descending neuron can trigger the onset of reorientation maneuvers

• Circuits located in the subesophageal zone (SEZ) take part in action selection
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Figure 1: Larval chemotaxis in a real odor and a virtual-odor gradient.
(A) Trajectory of a larva with olfactory function restricted to the Or42a-expressing olfactory 

sensory neuron (OSN) responding to a gradient of isoamyl acetate (fruity odor). A schematic 

diagram of the odor gradient is depicted in purple. The positions of the centroid (black) and 

the head (magenta) of the larva are shown in the foreground. The two orange circles denote 

the turns flanking the beginning (bottom) and the end (top) of a run segment. Scale bar: the 

length of the larva is roughly equal to 4 mm. (B) Diagram of the most frequent transitions 

between the main behavioral programs (actions) underlying larval chemotaxis. Run-casts 

refer to low-amplitude lateral head movements implemented without interruption of forward 

peristalsis. Stop-casts refer to wide-amplitude lateral head movements occurring during 

stops. This diagram does not exhaustively account for all possible behavioral transitions a 

larva can undergo. (C) Time courses of the odor concentration and the Or42a OSN activity 

corresponding to the “run” segment shown in panel B. The concentration of the odor is 
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reported in micromolar μM (top-magenta) and the firing activity is reported in Hz (black-

bottom). The time point where the stimulus intensity reaches its maximum does not 

correspond to the time point where the activity of the Or42a OSN reaches its maximum 

(dashed vertical lines). Localized positive gradients (gray arrows) due to lateral head casts 

can produce significant bursts in the firing activity of the Or42a OSN. (D) Chemotactic 

behavior of a larva expressing channel-rhodopsin in its Or42a OSN. The light gradient was 

produced with a closed-loop tracker. The centroid (black) and tail (magenta) positions 

illustrate the strong chemotactic behavior elicited by the virtual-odor gradient. Panels B-D 

are redrawn from [26].
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Figure 2: Response of the Or42a OSN stimulated by dynamic odor stimuli.
(A) Schematic diagram of in vivo extracellular recordings of the larval Or42a OSN 

stimulated by real odors [26]. (B) Stimulation of the Or42a OSN by symmetrical linear odor 

ramps with three different slopes: shallow (lilac), medium (magenta) and steep (violet). The 

odor ramps were produced by a microfluidics system using isoamyl acetate [26]. The 

duration of the upward phase is fixed to 4 s for the three ramps. The downward phase of the 

three ramps has the same “medium” slope, which explains differences in the time taken to 

complete the ramp. (Bottom) Peristimulus time histogram (PSTH) of the Or42a-OSN firing 

activity corresponding to the ramps shown in the top panel: the light to dark gray traces 

correspond to the shallow, the medium and the steep ramps, respectively. During the upward 

phase of the stimulus, the firing activity of the Or42a OSN reaches an asymptotic value that 

scales with the slope of the ramp. During the downward phase of the ramp, the OSN activity 

tends to follow the intensity time course, which highlights the nonlinear dimension of the 

Or42a OSN response. At the end of the ramp, the activity of Or42a OSN is inhibited below 

its basal level (dashed line). (C) Stimulation of the Or42a OSN by an exponential odor ramp. 

Consistent with the idea that the OSN responds to the slope of the stimulus during the 

upward phase of the ramp, the firing activity increases exponentially (the derivative of an 

exponential is an exponential). (D) Stimulation of the Or42a OSN by a “parabolic” odor 

ramp. During this ramp, the first derivative of the stimulus intensity decreases monotonically 

over time. And so does the OSN activity. Panels B-D are redrawn from [26].
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Figure 3: Computational model of the sensorimotor transformation that triggers the onset of 
reorientation maneuvers.
(A) Time course of a sigmoid ramp of light intensity (magenta) bearing resemblance with 

changes in stimulus experienced during real runs (Figure 1C). The temporal derivative of the 

ramp is shown in gray. (B) Peristimulus time histogram (PSTH) of the Or42a OSN 

expressing channel-rhodopsin (black trace) upon stimulation by the sigmoid light ramp 

shown in panel A. (Right) Coarse-grained biophysical model of the regulation of the firing 

activity of the Or42a OSN based on an incoherent feedforward motif (yellow diagram). The 

dynamics of the feedforward motif is described by an ordinary differential equation (ODE) 

that depends on the stimulus intensity (x(t)) and the activity state of an intermediate variable 

(u(t)). The molecular correlate of u remains to be determined [26]. The simulated dynamics 

of the ODE model is shown in yellow. (C) Time course of the instantaneous probability of 

implementing a transition from running to stopping (black trace). The probability is 

estimated over time bins of 1 s using a dataset of >500 runs paired with the same pattern of 

virtual-odor stimulation shown in panel 3A. (Bottom) Generalized linear model (GLM) of 

the sensorimotor transformation by the neural circuitry downstream from the Or42a OSN. 

The model predicts the probability of stopping. The linear part of the predictor combines a 
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positive constant (γmax) with the activity of the Or42a OSN (y(t)) multiplied by a positive 

constant (α). As a result, the linear predictor is equal to γmax (max turn rate) when the 

activity of the OSN is suppressed during steep negative gradients whereas the linear 

predictor tends towards 0 (no turn) when the activity of the OSN is large during steep 

positive gradients. The function L−1 is the inverse of the logit linker. The predicted behavior 

of the GLM is shown in blue in panel C. Data shown in panels A-C are redrawn from [26].
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Figure 4: Sensorimotor pathway that controls run-to-stop transitions downstream from the 
Or42a OSN.
(A) Anatomy of the PDM-DN descending neuron that plays a critical role in the timing of 

run-to-stop transitions. The optogenetic activation of this neuron triggers near deterministic 

stops. In panel 4Ai, the PDM-DN neuron is labeled by the green fluorescent protein (light 

scanning microscopy). BL stands for brain lobes, SEZ for subesophageal zone. In panel 4ii, 

the main upstream and downstream partners of PDM-DN are reconstructed using electron 

microscopy (EM). In the EM circuit diagram, PDM-DN is labeled in black. (B) Outline of 

the main sensorimotor pathway linking PDM-DN to the pre-motor system (A27h network) 

and the olfactory system (Or42a and Or42b OSNs). Two neurons upstream from PDM-DN 

form a feedforward microcircuit. The sign (excitation/inhibition) of the edges of this 

diagram is still uncharacterized. PDM-DN has been shown to be cholinergic: it activates 

SEZ-DN1. In turn, SEZ-LN1 is GABAergic: it inhibits the activity of the A27h network 

thought to organize forward peristalsis. Strikingly, the inhibition is restricted to the most 
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posterior abdominal segments where peristalsis is initiated. The activity of SEZ-DN1 is 

likely to impact other motor programs through pathways that have not been traced yet (arrow 

with question mark). The notation convention of the interaction signs is shown at the bottom 

of the figure. (C) Hypothetical feedforward (FF) motifs of the LH-LN microcircuit directly 

upstream from PDM-DN. (Top) The coherent FF “type-2” (nomenclature according to [54]) 

assumes that LH-LN1 is inhibitory while LH-LN2 is excitatory. As a result, strong activity 

of Or42a uPN during upgradient would activate LH-LN1, which would suppress LH-LN2 

and PDM-DN. Thus, negative gradients would promote the activity of PDM-DN through a 

release of the inhibition of LH-LN1 and/or through the disinhibition of LH-LN2. (Bottom) 

The incoherent FF type-2 motif assumes that both LH-LN1 and LH-LN2 are inhibitory. The 

expected dynamics of this motif is more ambiguous: during downgradient runs, the low 

activity of Or42a uPN is expected to release the suppression of PDM-DN by LH-LN1. At 

the same, low activity of LH-LN1 could enable the activity of LH-LN2, which in turn would 

suppress PDM-DN. This last result would be inconsistent with the fact that PDM-DN is 

activated during downgradient runs. Material from this figure is adapted from [50].
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