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Abstract The central complex of the insect midbrain is thought to coordinate insect guidance 
strategies. Computational models can account for specific behaviours, but their applicability across 
sensory and task domains remains untested. Here, we assess the capacity of our previous model 
(Sun et al. 2020) of visual navigation to generalise to olfactory navigation and its coordination with 
other guidance in flies and ants. We show that fundamental to this capacity is the use of a biolog-
ically plausible neural copy- and- shift mechanism that ensures sensory information is presented in 
a format compatible with the insect steering circuit regardless of its source. Moreover, the same 
mechanism is shown to allow the transfer cues from unstable/egocentric to stable/geocentric frames 
of reference, providing a first account of the mechanism by which foraging insects robustly recover 
from environmental disturbances. We propose that these circuits can be flexibly repurposed by 
different insect navigators to address their unique ecological needs.

Editor's evaluation
This eLife Advance by Sun et al. expands on a previous publication in 2020 which developed and 
outlined a model for biologically inspired visual navigation circuit. Here they include odour and wind 
input and successfully recreate complex multimodal behavioural observations in ants, illustrating that 
the model is suited to generate viable hypotheses about circuit- level implementation of navigational 
control networks in insects in response to varied sensory inputs.

Introduction
Recently, it has been proposed that the repertoire of robust navigation behaviours displayed by 
insects (Webb and Wystrach, 2016; Wehner, 2019) can be traced to the well- conserved brain 
region known as the central complex (CX) (Honkanen et  al., 2019; Hulse et  al., 2021). The 
evidence to support this hypothesis includes the discovery of the insect head- direction system 
in the CX that tracks the animal’s current heading relative to external (Heinze, 2014; Seelig and 
Jayaraman, 2015; Kim et al., 2019; Hardcastle et al., 2021) or self- motion (Green et al., 2017; 
Turner- Evans et al., 2017) cues; the innervation of the fan- shaped body (FB) region of the CX 
with sensory information relevant to different orientation strategies (Hu et  al., 2018; Francon-
ville et al., 2018; Hulse et al., 2021; Shiozaki et al., 2020); the well- preserved columnar struc-
ture that is well suited to computing desired headings for vector navigation tasks (Stone et al., 
2017; Honkanen et al., 2019; Le Moël et al., 2019; Lyu et al., 2020); and the identification of 
a neural steering circuit in the FB capable of computing motor commands that reduce the offset 
between the current heading and a desired heading (Stone et al., 2017; Honkanen et al., 2019; 
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Rayshubskiy, 2020). Computational models of this architecture have produced realistic path inte-
gration (PI) (Stone et al., 2017; Gkanias et al., 2019) and trap- lining behaviours (Le Moël et al., 
2019), and simple conceptual extensions have been outlined that could account for long- distance 
migratory behaviour (Honkanen et al., 2019). Yet, for the CX to be considered a general naviga-
tion centre, it must additionally be capable of (i) generating gradient ascent/descent behaviours 
that rely on spatially varying but rotationally invariant sensory cues (e.g. odour gradients), (ii) coor-
dinating competing guidance systems into a single meaningful motor command, and (iii) gener-
alise across sensory modalities and task spaces.

We recently demonstrated how the steering circuit could be adapted to ascent gradients of visual 
familiarity when augmented by a neural ‘copy- and- shift’ mechanism that converts temporal changes 
in spatially sampled sensory information into an orientation signal (Sun et al., 2020). Specifically, the 
mechanism firstly copies the animal’s current heading from the head- direction cells in the protoce-
rebral bridge (PB) to desired heading networks in the FB. At the same time, the signal undergoes a 
lateral shift in proportion to any undesired change in sensory valence as measured by the mushroom 
body (MB) output neurons (Aso et al., 2014; Li et al., 2020; Hulse et al., 2021). Thus, the animal will 
continue on its current heading until an undesirable change in sensory valence is experienced at which 
point the shift mechanism will create an offset between the current and desired headings, causing the 
steering circuit to initiate a change of direction. The architecture of the CX already possesses neural 
substrates ideally suited for both the ‘copy’ and ‘shift’ functions: head- direction cells are known to 
transmit their output into the ring structures of the central body (Stone et al., 2017; Honkanen et al., 
2019) as needed for copy stage; and neural mechanisms that laterally shift the head- direction cells 
in response to sensory feedback (e.g. the self- motion cues [Turner- Evans et al., 2017; Green et al., 
2017], the visual cues [Kim et al., 2019; Fisher et al., 2019]) are well established as required for the 
shift stage. Crucially, the complete ‘copy- and- shift’ mechanism explains how the CX steering circuit 
(see Figure 1) could exploit sensory gradients that provide no instantaneous orientation information 
for navigation.

We also demonstrated neural mechanisms that coordinate between different guidance strategies 
(Sun et al., 2020). Specifically we added a contextual- switching mechanism (see Figure 1) that trig-
gers specific guidance strategies depending on the context, for example, switching from PI unfa-
miliar surroundings to visual route following in familiar terrain. As a final stage, we revealed how ring 
attractor (RA) circuits (Touretzky, 2005; Sun et al., 2018; see Figure 1) that we hypothesise exist 
in the FB provide an ideal substrate for optimally integrating cues that exist within a shared context 
(e.g. PI and visual homing [VH] in unfamiliar contexts). The ‘copy- and- shift’ mechanism again plays a 
crucial role in this capacity as it ‘transfers’ orientation outputs into a shared frame of reference. For 
example, when ascending gradients, temporal changes in visual familiarity are translated into heading 
commands relative to the head- direction system which then share a frame of reference with the PI 
system.

This biologically constrained model of the insect midbrain was shown to be capable of generating 
realistic visual navigation behaviours of desert ants through the coordinated action of visual route 
following (RF), VH, and PI modules partially addressing two of the requirements listed above (Sun 
et al., 2020). In this study, we extend our analysis of the model, and in particular the ‘copy- and- shift’ 
mechanism, to assess if it can address the latter issue of generalisation across and between sensory 
and task domains. The following sections first assess whether the model can be easily reapplied to 
the olfactory tasks of chemotaxis and odour- gated anemotaxis (plume following) in laboratory- like 
settings. We then probe whether the same integration mechanisms can generalise to odour- gated 
switching in both flies and desert ants. Finally, we provide the first account of how the CX could 
transfer orientation cues from an egocentric to a geocentric frame of reference which we propose can 
enhance the robustness of navigation.

Results
Core odour navigation behaviours using copy-and-shift
Here we assess the ease with which our visual navigation model generalises olfactory navigation tasks.

https://doi.org/10.7554/eLife.73077
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Figure 1. Schematic overview of the mushroom body- central complex (MB- CX) model first presented in Sun et al., 2020 and reapplied here to 
multimodal guidance. The upper- right panel depicts the two key brain areas modelled (MBs in red, central in green). The upper- left panel (red 
background) outlines the role of the MBs in measuring valence of odour (Wessnitzer et al., 2012) and visual (Ardin et al., 2016) cues. The lower panel 
(green background) introduces the four CX subcircuits integrated in the previous model. (1) The steering circuit proposed to exist in the CPU1 neurons 

Figure 1 continued on next page
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Chemotaxis of odour gradients
Adult and larvae fruit flies readily climb rewarding odour gradients by modulating their heading direc-
tion in direct response to the temporal change in odour concentration (Gomez- Marin et al., 2010; 
Nagel and Wilson, 2011; Kim et al., 2011; Schulze et al., 2015; Jung et al., 2015) mirroring our 
model’s approach to VH. Moreover, the neural pathways of olfactory processing are well established 
and only differ from our model in their sensory origins (antennal lobe [AL] to the lateral horn [LH] 
[Gupta and Stopfer, 2012; Roussel et al., 2014] and MBs [Aso et al., 2014; Hulse et al., 2021]) 
before connecting to the CX through direct or indirect (hypothetically via superior medial protocere-
brum [SMP]; Plath et al., 2017; Hulse et al., 2021; Li et al., 2020) neural pathways. Thus by simply 
changing the input from optic to ALs and the processing region from the MB to the LH and MB (see 
Figure 2A, left panel) our model is able to adapt its heading to align with the positive odour gradient 
over successive steps (see Figure 2B, left panel). Note that here we simply take the valence output 
of the MB as the odour concentration, buy any other equivalent measurement (such as the degree of 
attraction) could work along with the ‘copy- and- shift’ mechanism. Figure 2C (left panel) demonstrates 
the realistic chemotaxis behaviour generated by the model in a classic ‘volcano’ environment (Jung 
et al., 2015; Schulze et al., 2015). Figure 2—figure supplement 1 provides similarly realistic paths in 
other odour landscapes. It should be noted that there are neural pathways not included in the model 
that directly link odour input to motor outputs that may play a role in chemotactic guidance (Green 
et  al., 2019; Rayshubskiy, 2020; Scaplen et  al., 2021). Indeed while larvae possess MB and LH 
assemblies, they do not have a fully developed CX as modelled here (Gowda et al., 2021). Analysis 
of behavioural deficiencies in animals with CX knockouts would offer crucial insights into the role of 
the CX for chemotactic behaviours.

Anemotaxis in odour plumes
In moving airflows, adult fruit flies pinpoint olfactory sources by anemotaxis whereby individuals 
align with the upwind direction, allowing them to approach the hidden odour source (Kennedy and 
Marsh, 1974; Rutkowski et al., 2009; van Breugel and Dickinson, 2014). Insects sense wind direc-
tion through deflections of their antennae (Yorozu et al., 2009; Patella and Wilson, 2018; Okubo 
et al., 2020) with the wedge projection neurons (WPNs) converting their inputs (via antennal mecha-
nosensory and motor centre [AMMC] pathway in Figure 2B, right panel) into a direction relative to the 
animal’s current heading (Suver et al., 2019; see Figure 2—figure supplement 2). The WPN output is 
then transmitted to the FB of the CX via the lateral accessory lobe (LAL) -> noduli (NO) pathway (Hulse 
et al., 2021; Matheson et al., 2021; Figure 2B, right panel). The ‘copy- and- shift’ mechanism again 
provides the ideal bridge between input signal and steering circuit. By simply driving the direction 
and magnitude of the ‘shift’ by the WPN response when a rewarding odour is detected (Figure 2A, 
right panel), the model turns the agent upwind (see Figure 2B, right panel). Figure 2C (right panel) 
shows an example path of a simulated fly navigating a classic laboratory environment with an odour 
plume into which rewarding odour is toggled ON and OFF (for a simulation of a group agents, see 
Figure 2—figure supplement 3), which demonstrates realistic odour- driven anemotaxis behaviour.

Taken together the above data demonstrate the capacity of the model to generalise from visual to 
olfactory navigation without significant alteration.

Coordination of guidance behaviours by linking frames of reference
With the model shown to generalise from visual to olfactory navigation tasks, we now assess its ability 
to coordinate guidance strategies across sensory domains.

of the CX that computes the turning angle that minimises the difference between the current heading (from the protocerebral bridge [PB]) and desired 
heading (from the CPU4 cells) (Stone et al., 2017). (2) The copy- and- shift mechanism creates a desired heading from non- directional cues by simply 
copying the current heading and shifting it in proportion to the change in sensory valance. (3) Ring attractor networks can automatically and optimally 
integrate orientation cues from disparate sources into a single readout. Our model uses RAs to integrate both compass and desired heading signals. (4) 
Context- dependent switches multiplex systems at a high level (e.g. when ‘lost’ engages visual homing [VH] but not route following [RF]). Images of the 
brain regions are adapted from the Insect Brain Database (Heinze et al., 2021; https://www.insectbraindb.org).

Figure 1 continued
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Figure 2. Modelling olfactory navigation in flies using a ‘copy- and- shift’ mechanism: chemotaxis (left side) and anemotaxis (right side). (A) Schematic 
diagrams of the neural circuits generating current- desired heading pairings for chemotaxis and anemotaxis. The copy- and- shift mechanism is only 
different in how the shift is realised: for chemotaxis, the temporal change of the odour concentration produces turns of different magnitude in a 
predefined direction, which for anemotaxis the wedge projection neuron (WPN) provide both turning magnitude and direction to steer the animal 
upwind. The corresponding hypothesised functional map of larvae brain is inserted in the left panel, showing that the olfactory descending neurons 
LPM- DN may play similar role as the central complex (CX). (B) Schematic diagram explaining the model functions. For chemotaxis, decreasing odour 
concentration will shift the desired heading from current heading causing the steering circuit to initiate a turn. For anemotaxis, the WPNs subtract the 
activation of the antennal mechanosensory and motor centre (AMMC) projection neuron (APN) from that of B1 that directly shifts the desired heading 

Figure 2 continued on next page
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Contextual switching between olfactory guidance behaviours
In reality insects utilise both the chemotaxis and anemotaxis strategies outlined above. Across species 
and environments (laminar odour gradient or turbulent odour plume), a distinct behavioural trigger 
is reported at the onset (ON response) or loss (OFF response) of sensory valence (moths [Kennedy 
and Marsh, 1974; Rutkowski et  al., 2009], flying fruit flies [van Breugel and Dickinson, 2014], 
walking flies [Steck et al., 2012; Bell and Wilson, 2016; Álvarez- Salvado et al., 2018]). Specifically, 
in the presence of the attractive odour animals apply anemotaxis and surge upwind, but when the 
attractive odour is lost they engage in a chemotactic- like search to recover the plume. This problem 
is analogous with the contextual switching used in our previous model to select between ON- and 
OFF route navigation strategies (Wystrach et al., 2012). Figure 3A (left panel) depicts how the CX 
switching circuit can be easily reconfigured to be triggered by the instantaneous change of odour 
concentration fitting with the reported ON and OFF responses (Álvarez- Salvado et al., 2018). Note 
that we here assume that the ON and OFF responses are driven by the output neurons of the odour 
processing brain regions (i.e. MBON or LHON) that could compute the temporal changes of odour 
concentration (Dolan et al., 2018; Hulse et al., 2021; Matheson et al., 2021). Figure 3B (left panel) 
illustrates simulated ON and OFF responses that are supplied to the model and their behavioural 
consequence. Figure 3 (left panel) demonstrates realistic olfactory navigation behaviour similar to the 
behavioural data in Álvarez- Salvado et al., 2018. See also the simulation results of a 20- agent group 
demonstrating similar performance in Figure 3—figure supplement 1.

Optimally integrating navigation behaviours across sensory domains
In barren salt pans, homing desert ants follow their path integrator to their nest area before relying 
on nest odour plumes for their final approach (Buehlmann et al., 2012). Ants bypass the nests of 
conspecifics that diffuse similar odours ( CO2 ) until reaching the nest locale (Buehlmann et al., 2012), 
indicating use of a sophisticated integration strategy beyond simple switching outlined above. Rather, 
ants instead appear to weigh their PI output relative to the home vector length in a similar fashion 
to their integration of PI and visual cues (Wystrach et al., 2015; Legge et al., 2014) as was realised 
in our previous model using ring attractor networks (Touretzky, 2005; Sun et al., 2018; Sun et al., 
2020). Figure 3A (right panel) depicts the augmentation of our odour- gated anemotaxis model with 
a ring attractor circuit to optimally integrate PI and olfactory navigation outputs. These adaptations 
are in accordance with the olfactory navigation mechanisms (chemotaxis and anemotaxis) proposed 
to be used by ants by Wolf and Wehner, 2000; Wolf and Wehner, 2005. Note that the desired head-
ings recommended by odour homing (OH, or chemotaxis) and upwind direction (UW, or odour- gated 
anemotaxis) are gated by the OFF and ON responses and weighted by the odour concentration signal 
prior to being injected into the ring attractor to be combined with PI. Figure 3B (right panel) illus-
trates how the various desired heading signals are optimally integrated by the ring attractor network 
before being sent as input to the steering circuit. Figure 3C shows homing paths generated by the 
model following simulated displacements left or right of the regular feeder which closely match those 
of real ants (Buehlmann et al., 2012). Note that there is an additional odour plume diffused by a 
simulated conspecific nest positioned near the release points which causes some distraction before 
the simulated ants continue to the real nest site. In the absence of the distractor, nest paths are much 
more direct (see Figure 3—figure supplement 1).

to align with the upwind direction. Note that the two mechanisms share a frame of reference. (C) Example behaviours generated by the model. Realistic 
chemotaxis behaviour is shown (left) in a ‘volcano’ odour landscape. On the right, realistic anemotaxis (magenta path segment) are shown when odour 
is ‘ON’ vs. undirected motion (black and cyan path segments) when odour is ‘OFF’. Upwind speed and angular velocity of the example agent are shown 
on the right panel. Note the obvious higher upwind translational velocity and low angular velocity during the presence of the odour indicate surges 
upwind.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. The simulation results of chemotaxis model with odour landscape of ‘linear’.

Figure supplement 2. Simulation of wind direction encoding.

Figure supplement 3. Simulation results of a group of agents (N = 20) driven by the odour- driven anemotaxis model.

Figure 2 continued

https://doi.org/10.7554/eLife.73077
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Figure 3. Optimal coordination of guidance behaviours that share a frame of reference. (A) Schematic diagrams of the integration circuits. Left: 
temporal change in odour concentration based ON and OFF responses drives the switching circuit to select between chemotaxis or anemotaxis 
strategies. Right: ring attractor network integrates multiple cues weighted by sensory valence. (B) Functional explanations of the model. Left: ON 
responses trigger upwind turns while OFF responses trigger chemotaxis, leading the animal back into the odour plume. Right: ring attractors serve as 

Figure 3 continued on next page

https://doi.org/10.7554/eLife.73077
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Taken together these data demonstrate that the CX possess the neural mechanisms to flexibly 
coordinate the various guidance behaviours observed in insects across sensory domains, supporting 
its role as the navigation centre (Honkanen et al., 2019; Hulse et al., 2021).

A mechanism for transferring between orientation frames of reference
The optimal integration model detailed above is reliant on the copy- and- shift mechanism firstly 
ensuring that all orientation cues are presented in a shared frame of reference. Recall that the desired 
headings for PI, chemotaxis and anemotaxis are all defined in relation to the animal’s global head 
direction. In the following analysis, we assess whether this frame- changing capacity can also provide 
benefits for navigational robustness.

From egocentric wind direction to geocentric celestial compass
Desert ants travel to and from familiar feeder locations via visually guided routes (Kohler and Wehner, 
2005; Mangan and Webb, 2012), but wind gusts can blow them off course. Wystrach and Schwarz, 
2013 reported that in the instant prior to displacement ants assume a stereotypical ‘clutching’ pose 
during which they transfer their egocentric measure of wind direction (indicating the direction in which 
they are about to be blown) into a geocentric frame of reference given by their celestial compass. 
Displaced ants then utilise this celestial compass memory to guide their path directly towards their 
familiar route (Figure 4A, left panel). Such a strategy is easily accounted for by the ‘copy- and- shift’ 
mechanism as seen in Figure 4B (left panel). That is, during the clutch pose the celestial compass 
heading is copied and shifted by the activation of the WPN encoding the upwind direction relative to 
the animal’s heading to create a desired heading that points back along the direction of travel. This 
desired heading is maintained in a working memory during displacement before activation to guide 
the agent back to the familiar route region (see simulated navigating paths in Figure 4C, left panel).

From visual context to geocentric celestial compass
Similarly, homing desert ants captured just before entering their nest and released in unfamiliar visual 
surroundings initially dash back along the celestial compass heading in which they were travelling 
(Wystrach et al., 2013; Figure 4A, right panel). Note that this differs from the behaviour of ants 
lacking PI cues and displaced from other locations along the route. Those ants have no preferred 
direction of travel following displacement according to the observation (Wystrach et  al., 2013). 
This indicates that the sight of the nest surroundings could be considered a ‘special circumstance’ 
in a similar way to the ‘clutching’ pose mentioned above. Figure 4B (right panel) depicts how this 
behaviour could also arise from the ‘copy- and- shift’ mechanism. That is, when there is a significant 
drop of visual novelty (as might only be experienced after a displacement from the nest), the compass 
direction is again copied and shifted by a predetermined amount, this case 180°. This creates a new 
desired heading that can be stored in working memory that will cause the initial search to be focused 
in the direction from which the animals just travelled (Figure 4C , right panel).

In summary, the data above demonstrate the flexibility of the ‘copy- and- shift’ mechanism to transfer 
directional cues from an unstable frame of reference such as the wind direction to a stable frame of 

the optimal integration circuit to mediate between anemotaxis, chemotaxis, and path integration systems. (C) Example behaviours generated by the 
model in an anemotaxis and ant homing task. Left part of the left panel shows the trajectory of the one simulated fly, and the upwind speed and angular 
velocity of the agent are shown in the right part. The time at which ON and OFF responses are triggered are shown by purple dots and red stars, 
respectively. The left panel of the right- side data shows paths of simulated ants when guided by path integration (PI) and odour cues. Groups headings 
are also shown at t = 20 (early in the route when PI dominates) and t = 250 (later in the route when olfactory navigation begins to dominate as PI vector 
length is low).

The online version of this article includes the following video and figure supplement(s) for figure 3:

Figure supplement 1. The simulation results of a 20- agent group driven by the ON and OFF responses- based switching model.

Figure supplement 2. Sensory perception and neural activities of the highlighted ant driven by the proposed model.

Figure supplement 3. Simulation results where there is no conspecific nest near the releasing points with comparison to Figure 3C, right panel.

Figure 3—video 1. The animation showing the simulation process including homing trajectories, dynamic neural activation, odour measurement, etc.

https://elifesciences.org/articles/73077/figures#fig3video1

Figure 3 continued

https://doi.org/10.7554/eLife.73077
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Figure 4. Navigating using egocentric and geocentric frames of reference. (A) Wind compensation and backtracking behaviour of navigating ants. 
Left panel illustrates the wind compensation behaviour where ants reorientate to the direction from which they were blown off course but with respect 
to their celestial compass (Wystrach and Schwarz, 2013). Right subfigure shows backtracking behaviours whereby homing desert ants captured just 
before entering their nest and released in unfamiliar visual surroundings initially dash back along the celestial compass heading in which they were 

Figure 4 continued on next page

https://doi.org/10.7554/eLife.73077
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reference such as the global celestial compass which can be used at a later time. We proposed that 
this transfer is triggered by special sensory experience and motivational state of the animal that could 
be driven by some of the numerous tangential inputs from multiple upstream brain regions to the FB 
(Franconville et al., 2018; Hulse et al., 2021) forming a contextually dependent guidance network. 
This again extends the repertoire of guidance behaviour that the mechanism can account for and 
further supports the role of the CX as a navigation centre.

Discussion
To summarise, we have shown how the CX- based steering circuit augmented with a copy- and- shift 
functionality can generate realistic odour- based chemotaxis and anemotaxis behaviours adding to 
the PI, VH, visual RF, and long- range migrations explained previously (Stone et al., 2017; Honkanen 
et al., 2019; Sun et al., 2020). We have also outlined CX- based mechanisms that can coordinate 
guidance cues across sensory domains using biologically realistic context- dependent switches and 
ring attractor networks. Finally, we demonstrated how the copy- and- shift mechanism can facilitate 
the transfer of orientation cues between unstable to stable frames of references. By triggering such a 
transfer under specific environmental conditions, insects can increase the robustness of their guidance 
repertoire. The model presented can thus be considered as a general navigation model extending 
across multiple behavioural tasks (alignment with rotationally varying compass, visual route, or wind 
cues; and gradient ascent of spatially varying but rotationally invariant cues such as odour and visual 
memories) experienced in multiple contexts. Taken together the results add further validation to the 
claim that the CX acts as the seat of navigation coordination in insects.

The CX is as ancient as insects themselves (Homberg, 2008; Strausfeld, 2009) and is highly 
conserved across different species solving different navigational tasks (Honkanen et al., 2019; Hulse 
et al., 2021). This fixed circuitry thus appears optimised to receive input from a variety of sensory 
sources and return a similar variety of navigational behaviours applicable across contexts. Indeed, 
Doyle and Csete, 2011 posits that such ‘bowtie’ (or hourglass) architecture is also observed in the 
decision- making circuits of the mammalian brain (Redgrave et al., 1999; Humphries and Prescott, 
2010) and function by providing ‘constraints that deconstrain’ (see Figure  5A). That is, the fixed 
circuitry of the CX constrains the format of the sensory input but decontrains the application domains 
of the output behaviours. Through interpreting various navigation behaviours through the lens of the 
‘copy- and- shift’ mechanism, our model can be considered an example of such bowtie structure within 
the CX (Figure 5B).

This study has explored the behavioural consequences of the mechanisms using abstracted neural 
implementations, raising the question as to whether they can be realised in insect brains. Regarding 
the copy- and- shift mechanism, lateralised neural connections and synapse plasticity that shift the 
head- direction output relative to sensory input (i.e. nudge the activation ‘bump’ within a population 
of neurons) have already been mapped (Seelig and Jayaraman, 2015; Green et  al., 2017; Kim 
et al., 2019; Fisher et al., 2019) and modelled (Cope et al., 2017), demonstrating the feasibility of 
such computation. More recently, Goulard et al., 2021 presented a CX- based navigation model that 
includes a biologically realistic neural pathway that is functionally similar to the copy- and- shift mech-
anism proposed here. The same study also outlined how a short- term memory of a desired heading 
could be maintained in the FB of the CX via synapse- weight modulation after the original guidance 
cue is removed that could support the wind compensation and backtracking behaviours described 
above. Our model hypothesises the existence of a ring attractor network to optimally integrate the 
desired heading cues which we suggest could be realised in the complex intra- connections within the 
FB and the NO (Hulse et al., 2021; Sayre et al., 2021). We also hypothesise that different populations 

travelling (Wystrach et al., 2013). (B) The proposed neural mechanism showing how the behaviours in (A) could be recreated. Wind compensation 
is implemented by using copy- and- shift to copy their heading compass stored in the central complex (CX) when clutching and shift by an amount 
of degree determined by the activation of wedge projection neurons (WPNs) to form the working memory (desired heading) for later navigation. 
Backtracking is modelled in an identical way except that the shift is constant 180°. (C) The simulation results of our model. In each panel, the navigating 
trajectories and initial headings of the simulated ants are shown. Simulated ants guided by the model are all heading to the expected orientation as 
observed in real behavioural experiments (Wystrach and Schwarz, 2013; Wystrach and Schwarz, 2013).

Figure 4 continued

https://doi.org/10.7554/eLife.73077
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Figure 5. The ‘bowtie/hourglass’ architecture (Doyle and Csete, 2011) of biological control system. (A) The control systems of insect navigation (top) 
and mammalian decision- making (bottom) are epitomised by the ‘bowtie’ architecture, proposing that fixed brain circuitry constrains the format of the 
sensory input (fanning in to the knot) but decontrains the application domains of the output behaviours (fanning out of the bowtie). Photo of sweet 
bee Megalopta genalis is from Ajay Narendra. (B) The proposed mapping of the bowtie architecture to the central complex (CX) for insect navigation. 
Specially, the copy- and- shift mechanism (regarded as the knot of the bowtie, thus constrains the representation) is reused to generate different desired 
headings across sensory and task domains (deconstrains the motor pattern, thus allows for high diversity of behaviours). 

https://doi.org/10.7554/eLife.73077
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of Protocerebral bridge - Fan- shaped body - Nodulus (PFN) neurons in the CX simultaneously store 
the distinct desired headings computed by the independent navigation systems (e.g. PI- based home 
vector is stored in CPU4 neurons [a subset of PFNs]; Stone et al., 2017; Hulse et al., 2021; Sayre 
et al., 2021). Further, the hypothetical context switching introduced could be achieved by the recently 
mapped FB- NOc neurons found in the bees (Sayre et al., 2021).

It is also worth noting that the simulated odour perception utilised here is very simplistic. For 
example, we assume that the odour stimulus (with or without a laminar airflow) forms a stable 
gradient, which while reflecting the laboratory settings in behavioural studies (Gomez- Marin et al., 
2010; Gomez- Marin and Louis, 2012; Álvarez- Salvado et  al., 2018) simplifies the spatiotempo-
rally complex plumes in naturalistic settings where odour encounters are intermittent, occurring 
randomly as brief bursts (Murlis et al., 2000; Webster and Weissburg, 2001). We do note, however, 
that more stable odour gradients have been mapped to the desert surfaces upon which desert ants 
forage (Buehlmann et al., 2015). Regardless, insect olfactory receptor neurons (ORNs) and projec-
tion neurons (PNs) posses adaption (Kaissling et al., 1987; Nagel and Wilson, 2011) and divisive 
gain control (Luo et al., 2010; Olsen et al., 2010; Gorur- Shandilya et al., 2017) mechanisms that 
normalise and smooth noisy olfactory inputs. It is interesting to note that the visual gradients can 
often present data in a similar noisy fashion (personal observation) and thus raises the question as to 
whether similar processing steps are applied across modalities. Indeed, this hypothesis is supported 
by identification of shared early sensory processing principles across sensory modalities (Wilson, 
2013), especially the vision and olfactory in insects (Mu et al., 2012) and mammals (Cleland, 2010). 
Another interesting point is the temporal presentation of information (e.g. continual or discrete) and 
how this might affect aspects such as optimal integration of cues. We suggest that optimal integration 
would not be unduly affected as sampling over longer time scales would simply reduce the strength 
of the more sparse samples cues to the ring attractor. Moreover, there may be benefits in sampling 
less as it could smooth out local noise in sensory gradients. Investigation of these questions through 
modelling studies that add more realistic sensory processing in more realistic sensory settings (odour 
[Demir et al., 2020], vision [Millward et al., 2021]) is vital to answering these questions.

Despite growing agreement on the functional role of the CX in insect navigation (Honkanen et al., 
2019; Hulse et  al., 2021), a number of issues remain. Firstly, as well as innervating the CX, both 
visual and olfactory cues are also transferred directly to motor centres (Rayshubskiy, 2020; Scaplen 
et al., 2021; Green et al., 2019) providing redundant information streams. One possibility is that the 
direct pathways are used for fast reflex- like movements, whereas the CX pathway is responsible for 
higher- level guidance that requires learning and integration of multiple elemental guidance systems 
(Currier et al., 2020; Matheson et al., 2021). This view is consistent with Steinbeck et al., 2020, who 
demonstrate that the LALs, downstream of the CX, possess neural structures well suited to integrating 
outputs of the fast and the slow pathways. For Drosophila larvae, there should be equivalent neural 
circuitry functioning similarly as the CX involved pathway (probably with the olfactory descending 
neurons PDM- DN; ; Gowda et  al., 2021) and direct pathway (probably with odd neurons; Slater 
et al., 2015; Gowda et al., 2021). Future work is needed to merge these concepts into a single 
computational framework. Secondly, there is the question as to whether insects maintain a single or 
multiple head- direction signals in the PB. In our previous model (Sun et al., 2020), we introduced 
a global celestial compass used by VH and PI behaviours, and a local visual compass for RF. In this 
study, we relied solely on the global celestial compass, but wind direction sensing from the WPNs is 
known to feed into the head- direction cells (Okubo et al., 2020; Hulse et al., 2021), which could 
facilitate a local compass similar to our previous terrestrial compass. The utility and biological realism 
of the multi- compass hypothesis deserve further investigation. Thirdly, insects possess an MB in each 
brain hemisphere, posing the question as to their combined role. Le Möel and Wystrach, 2020 and 
Wystrach et al., 2020 offer the hypothesis that MBs form an opponent memory system that can 
drive visual RF by balancing the difference in their outputs. This approach can be easily extended to 
incorporate both attractive and repulsive MB output neurons extending the application space and 
robustness of navigation. Integration of dual MB inputs represents an obvious next extension of the 
model presented here. Finally, the model presented here is unique in the format of the sensory data 
input to the MBs and the behavioural strategies that the MBs generate. Specifically, we propose 
that the MBs process rotationally invariant but spatially varying cues (e.g. odour and visual familiarity 
gradients) and are thus responsible for generating gradient ascent/descent behaviours such as VH 

https://doi.org/10.7554/eLife.73077
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and chemotaxis via operant connections to the CX. In contrast, all rotationally varying cues (e.g. wind 
direction, visual route memories, and celestial compass) innervate the CX directly via alternate path-
ways (e.g. LAL). This separation of sensory information is fundamental to the flexibility of the model 
presented to create the array of behaviours presented and offers a testable hypothesis for future 
work. Such insights will be invaluable for refinement of our understanding of the robust navigation 
behaviours facilitated by the insect minibrain.

Materials and methods
All simulations and network models were implemented by Python 3.5 and external libraries numpy, 
matplotlib, scipy, opencv, etc. The source code of the simulation and plotting figures is available via 
GitHub.

Odour field
As the basic sensory input, the spatial concentration distribution of the odour field is simulated simply 
and based on the scaled exponential functions, with required changes according to the wind dynamics.

Odour field without wind
For the simulations in the laminar odour environment (i.e. no wind) as that in Figure 3 (left panel), the 
landscape of the odour concentration  CONo  is modelled for ‘volcano’ shape:

 

CONo =




keτ (r/2−d) if d > r/2

keτ (d−r/2) otherwise   
(1)

and for ‘linear’ shape:

 

CONo =




keτ (r/2−d) if d > r/2

k − 0.2eτ (d−r/2) otherwise  
(2)

where  d  is the distance from the position  (x, y)  to the odour source  (xs, ys) . Thus, 

 d =
√

(x − xs)2 + (y − ys)2   is the scale factor,  r  is the radius of the odour source, and  τ   is the decay 
factor.

Odour field with wind
To simplify the simulation of the odour plume dynamics, all the simulations in this study were conducted 
under the condition of constant wind speed  u  and wind direction  θw , and we assume that the odour 
plume will ideally flow to the downwind area, that is, the odour concentration in the upwind area will 
always be zero. The source of the odour constantly emits at the rate  q  . Then the odour concentration 
at position  (x, y)  can be calculated by

 

CONo =





q
uσxy

√
2π

e−
d2

2πσxy if cos θ > 0

0 otherwise
  

(3)

where  d =
√

(x − xs)2 + (y − ys)2 sin θ  is the projected distance from the odour source. And  σxy  
is calculated by  σxy = Ksd  , where  Ks ∈ [0.5, 0.3, 0.2, 0.15, 0.1]  is the tuning factor determined by the 
stability of the odour. And  θ  is the angle between the vector pointing from the position to the source 
and the wind direction, so can be computed by

 
θ = arccos (x−xs)(u cos θw)+(y−ys)(u sin θw)√

(x−xs)2+(y−ys)2u   (4)

Neural model
We use the simple firing rate to model the neurons in the proposed networks, where the output firing 
rate  C  is a sigmoid function of the input  I   if there is no special note. In the following descriptions 

https://doi.org/10.7554/eLife.73077
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and formulas, a subscript is used to represent the 
layers or name of the neuron while the superscript 
is used to represent the value at a specific time or 
with a specific index.

Current heading
In our previous model, there are two compass 
references derived from different sensory infor-
mation (Sun et  al., 2020), but in this paper, 
only the global compass (i.e. the activation of 
I- TB1/ ∆7  neuron) is used here because naviga-
tion behaviours reproduced in this study are all 
assumed using the global compass as the external 
direction reference. For the details of the model-
ling of global current heading ( I

t,j
I−TB1 ), see our previous paper (Sun et al., 2020).

Steering circuit
The steering neurons (the same as previous paper [Sun et al., 2020] but presented here for conve-
nience), that is, CPU1 neurons ( C

i
CPU1, i = 0, 1, 2...15 ) receive excitatory inputs from the desired heading 

( C
i
DH, i = 0, 1, 2...15 ) and inhibitory inputs from the current heading ( CCH, i = 0, 1, 2...15 ) to generate the 

turning signal:

 Ci
ST = Ci

DH − Ci
CH i = 0, 1, ...15  (5)

The turning angle is determined by the difference of the activation summations between left 
( i = 0, 1, 2...7 ) and right ( i = 8, 9, 10...15 ) set of CPU1 neurons:

 θM = kmotor(
∑7

i=0 CCPU1 −
∑15

i=8 CCPU1)  (6)

Upwind direction encoding
The upwind direction is decoded as the activation of UW neurons copied and shifted from heading 
neurons (I- TB1), and the value of this shifting is determined by the angular difference between the 
current heading ( θh ) and wind direction ( θw ) encoded by the firing rate of WPN. And the value of WPN 
is defined as the difference of the antennal deflection encoded by B1 and APNs as

 CWPN = CAPN − CB1 = sin (θw − θh + π) − sin (−(θw − θh + π))  (7)

Then population activation of upwind direction neurons (UW) can be calculated by

 

CUW == Cj
I−TB1, j =




i + offset if i + offset ≤ 7

i + offset − 7 otherwise  
(8)

Fly: ON and OFF responses-based switching circuit
Different navigation strategies will dominate the motor system according to the sensory inputs, that is, 
in this study, the change of perceived odour concentration. This coordination is modelled as a contex-
tual switching that is very similar to the mechanism with SN1 and SN2 neuron involved in our previous 
model (Sun et al., 2020) to define the final output of odour navigation ( CON  ):

 

Ci
ON =




Ci
chemo if OFF response

Ci
anemo if ON response  

(9)

And how the sensory information determines the response is shown in Table 1, where random 
means no reliable sensory input is available, and the agent will move forward to a random direction.

Table 1. 'Truth table’ of the ON and OFF 
responses of the modelled fly odour navigation. 

Columns list the state of sensed odour 
concentration while rows indicate the state of 
the changing of odour concentration.

 < Throff  
 > Throff  
 < Thron  > Thron 

 < Thro Random Random ON

 > Thro OFF ON ON

https://doi.org/10.7554/eLife.73077
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OFF response: Chemotaxis
The chemotaxis model is adapted from the previous VH model (Sun et al., 2020) by changing the 
change of visual familiarity signal from the MBON ( ∆CMBON  ) to the change of the odour concentration 
to determine the shifting value, thus the desired heading of chemotaxis is

 

Ci
chemo = Cj

I−TB1, j =




i + offset if i + offset ≤ 7

i + offset − 7 otherwise
i = 0, 1, ...7

  
(10)

Note that in our previous visual navigation model (Sun et al., 2020)  i, j  both were integers for the 
ease of computing, thus, the shifting resolution is 45°, but here to more accurately model the desired 
heading and to achieve better performance, the shifting resolution was set to be 4.5° by interpolating 
neuron activation of I- TB1 from 8 to 80, then down- sampling to 8 to generate the shifted desired 
heading.

The relationship between  ∆Co  and  offset  is shown as follows:

 

offset=




0 if ∆Co < 0

min(⌊kchemo∆Co⌋, 3) otherwise 

(11)

Then the desired heading of OH will be fed into the steering circuit to compare with the current 
heading to generate the motor command.

ON response: Odour-gated anemotaxis
As shown in Table 1, when the ON response is determined, the agent will follow the upwind direction, 
thus the desired heading input to steering circuit should be the upwind direction encoded by UM 
neuron (Equation 8):

 Ci
anemo = Ci

UW   (12)

Ants: Integration with PI
The modelling of ants’ odour navigation integrated with PI can be regarded as the extension of the 
fly’s odour navigation and an application of the unified model. Specifically, the final output of olfactory 
navigation is determined by the ON and OFF responses (see Table 1), and then is integrated with PI 
via RA like that in the optimal integration of PI and VH:

 
τ dCIN

dt = −CIN + g
(∑n

j=1 Wji
E2ECj

IN + Xi
1 + Xi

2 + WI2ECUI

)
i = 0, 1, ...7.

  (13)

where  W
ji
E2E  is the recurrent connections from  jth  neuron to  ith  neuron,  g(x)  is the activation function 

that provides the non- linear property of the neuron:

 g(c) = max(0, ρ + c)  (14)

where  ρ  denotes the offset of the function. Thus  X1  should be

 Xi
1 = Ci

PI i = 0, 1, ...7  (15)

and  X2  in Equation 12 should be

 

Xi
2 =




koCONoCi
OH if OFF response

koCONoCi
anemo if ON response  

(16)

Then the output of optimal integration (OI) of the RA acts as the only desired heading input to the 
steering circuit:

 




C0−7
DH = COIWDH2CPU1L

C8−15
DH = COIWDH2CPU1R  

(17)

https://doi.org/10.7554/eLife.73077
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Only the global compass is needed in this study’s modelling. Thus the input of current heading will 
always be the excitation of the I- TB1 neuron:

 




C0−7
CH = CI−TB1

C8−15
CH = CI−TB1  

(18)

The output of the steering circuit (i.e. the summed activation of the left and right CPU1 neurons) is 
used to generate the turning command in the way that is same as Equation 6.

Simulations
In all simulations, at each time step, the simulated agent (walking fly or ant) will sense the odour 
sensory based on its current location and then update neural activation to generate the desired 
moving direction and finally move one step to that direction. Equation 6 gives the turning angle of 
the agent, thus the instantaneous ‘velocity’ ( v ) at every step can be computed by

 vt = SL[cos θt
M, sin θt

M]  (19)

where  SL  is the step length in centimetres. Note that we have not defined the time accuracy for 
every step of the simulations, thus the unit of the velocity in this implementation is  cm/step  rather than 
 cm/s . Then the position of agent  Pt+1  in the Cartesian coordinates for the next time step is updated by

 Pt+1 = Pt + vt  (20)

The positions of odour sources in all simulations are all set to  (0, 0) , that is,  xs = 0, ys = 0 . Other 
main parameters are listed in Table 2. Note that in each simulation the speed of agent is set constant.

Fly: Chemotaxis
To test the performances of the chemotaxis behaviour, five simulated agents with randomly 
generated heading direction start from five randomly generated locations in the zone of 

 (−12 < x < 12,−12 < y < 12) , and are then driven by the model for 1500 steps. Then we ran this 

Table 2. The detailed parameter settings for the simulations in this study.

Fly – chemotaxis
Fly – 
anemotaxis

Fly – 
integrated

Ant – 
integratedVolcano Linear

Odour

 k 10 10

/

 τ  0.1 0.1

 r  6 6

 q / / 10.0 10.0 20

Wind

 u 

No wind

10.0 10.0 10.0

 wθ  −π/2  −π/2  π 

Model and 
simulation

 Thro 

/ /

0.001 1.2

 Thron 0.02 0.5

 Throff  -0.0002 -0.0002

ko / 0.5

 kchemo 100.0 100.0 / 100.0 100.0

 kmotor 1.0 1.0 1.5 1.5 1.0

 SL 0.02 0.02 0.4 0.4 0.05

Heading Random Random Random Random  0 − 2π 
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simulation for four times in two different odour landscapes (‘volcano’ and ‘linear’) to get the results 
shown in Figure 3 (right panel) and Figure 4.

Fly: Anemotaxis
To reproduce the behavioural data in Álvarez- Salvado et al., 2018, the odour was only set ON during 
the second a quarter of total time (e.g. if the agent is set to run 200 steps, then the odour ON time will 
be in 50–100 steps). Four agents with randomly generated heading start from randomly generated 
locations in the zone of  (−1.5 < x < 1.5,−13 < y < −5) , and are then guided by the model to run 200 
steps. The simulation was conducted for five times.

Fly: Integrated ON and OFF response
The whole simulation settings are the same as that in the last section except for some model parame-
ters listed in Table 2 as this simulation is conducted to verify the integrated model.

Ants: Odour navigation integrated with PI
To reproduce the behavioural data in Buehlmann et al., 2012, we first generated PI memory encoding 
the home vector with 10 m length and  π/2  direction. Then at each release point ( (−1.5,−10)  and 

 (1.5,−10) ), we released 10 simulated full- vector (10- m- long and pointing to  π/2 ) ants with different 
initial headings sampled uniformly from  0 − 2π  (see also Table 2). Note that the simulation settings 
with/without additional odour plume diffused by conspecific nest are identical so the list as one 
column in Table 2.

Ants: Wind compensation and backtracking
The quick implementations of using ‘copy- and- shift’ mechanism to model the wind compensation 
and backtracking behaviour follow the same step: first, generate the desired headings by shifting 
the current heading by the WPN activation for the wind compensation and by 180° for backtracking, 
respectively; second, release the simulated ant at the same releasing point but with random head-
ings (uniform distribution in  0 − 2π ). Motion- related parameters are set identically as that of those 
mentioned in the section ‘Ants: odour navigation integrated with PI’.

Acknowledgements
This research has received funding from the European Union’s Horizon 2020 research and innovation 
programme under the Marie Sklodowska- Curie grant agreement no. 778062, ULTRACEPT, and no. 
691154, STEP2DYNA.

Additional information

Funding

Funder Grant reference number Author

EU Horizon 2020 
Framework Program

ULTRACEPT 778062 Xuelong Sun
Shigang Yue

The funders had no role in study design, data collection and interpretation, or the 
decision to submit the work for publication.

Author contributions
Xuelong Sun, Conceptualization, Data curation, Formal analysis, Investigation, Methodology, 
Resources, Software, Validation, Visualization, Writing – original draft, Writing – review and editing; 
Shigang Yue, Conceptualization, Funding acquisition, Investigation, Project administration, Supervi-
sion, Writing – review and editing; Michael Mangan, Conceptualization, Formal analysis, Investiga-
tion, Methodology, Supervision, Validation, Visualization, Writing – original draft, Writing – review and 
editing

https://doi.org/10.7554/eLife.73077


 Research advance      Computational and Systems Biology

Sun et al. eLife 2021;10:e73077. DOI: https://doi.org/10.7554/eLife.73077  18 of 21

Author ORCIDs
Xuelong Sun    http://orcid.org/0000-0001-9035-5523

Decision letter and Author response
Decision letter https://doi.org/10.7554/eLife.73077.sa1
Author response https://doi.org/10.7554/eLife.73077.sa2

Additional files
Supplementary files
•  Transparent reporting form 

Data availability
The current manuscript is a computational study, so no data have been generated for this manuscript. 
Modelling code is uploaded as Source Code File and is also available via Github (https://github.com/ 
XuelongSun/insectNavigationCX, copy archived at https://archive.softwareheritage.org/swh:1:rev: 
ec0d6943e09df2a685f8b1382475c523375352c3).

The following dataset was generated:

Author(s) Year Dataset title Dataset URL Database and Identifier

Sun X 2021 How the insect central 
complex could coordinate 
multimodal navigation

https:// github. 
com/ XuelongSun/ 
insectNavigationCX

Github, insectNavigationCX

References
Álvarez- Salvado E, Licata AM, Connor EG, McHugh MK, King BM, Stavropoulos N, Victor JD, Crimaldi JP, 

Nagel KI. 2018. Elementary sensory- motor transformations underlying olfactory navigation in walking fruit- flies. 
eLife 7:e37815. DOI: https://doi.org/10.7554/eLife.37815, PMID: 30129438

Ardin P, Peng F, Mangan M, Lagogiannis K, Webb B. 2016. Using an Insect Mushroom Body Circuit to Encode 
Route Memory in Complex Natural Environments. PLOS Computational Biology 12:e1004683. DOI: https://doi. 
org/10.1371/journal.pcbi.1004683, PMID: 26866692

Aso Y, Sitaraman D, Ichinose T, Kaun KR, Vogt K, Belliart- Guérin G, Plaçais P- Y, Robie AA, Yamagata N, 
Schnaitmann C, Rowell WJ, Johnston RM, Ngo T- TB, Chen N, Korff W, Nitabach MN, Heberlein U, Preat T, 
Branson KM, Tanimoto H, et al. 2014. Mushroom body output neurons encode valence and guide memory- 
based action selection in Drosophila. eLife 3:e04580. DOI: https://doi.org/10.7554/eLife.04580, PMID: 
25535794

Bell JS, Wilson RI. 2016. Behavior Reveals Selective Summation and Max Pooling among Olfactory Processing 
Channels. Neuron 91:425–438. DOI: https://doi.org/10.1016/j.neuron.2016.06.011, PMID: 27373835

Buehlmann C, Hansson BS, Knaden M. 2012. Path integration controls nest- plume following in desert ants. 
Current Biology 22:645–649. DOI: https://doi.org/10.1016/j.cub.2012.02.029, PMID: 22405868

Buehlmann C, Graham P, Hansson BS, Knaden M. 2015. Desert ants use olfactory scenes for navigation. Animal 
Behaviour 106:99–105. DOI: https://doi.org/10.1016/j.anbehav.2015.04.029

Cleland TA. 2010. Early transformations in odor representation. Trends in Neurosciences 33:130–139. DOI: 
https://doi.org/10.1016/j.tins.2009.12.004, PMID: 20060600

Cope AJ, Sabo C, Vasilaki E, Barron AB, Marshall JAR. 2017. A computational model of the integration of 
landmarks and motion in the insect central complex. PLOS ONE 12:e0172325. DOI: https://doi.org/10.1371/ 
journal.pone.0172325, PMID: 28241061

Currier TA, Matheson AM, Nagel KI. 2020. Encoding and control of orientation to airflow by a set of Drosophila 
fan- shaped body neurons. eLife 9:e61510. DOI: https://doi.org/10.7554/eLife.61510, PMID: 33377868

Demir M, Kadakia N, Anderson HD, Clark DA, Emonet T. 2020. Walking Drosophila navigate complex plumes 
using stochastic decisions biased by the timing of odor encounters. eLife 9:e57524. DOI: https://doi.org/10. 
7554/eLife.57524, PMID: 33140723

Dolan M- J, Belliart- Guérin G, Bates AS, Frechter S, Lampin- Saint- Amaux A, Aso Y, Roberts RJV, Schlegel P, 
Wong A, Hammad A, Bock D, Rubin GM, Preat T, Plaçais P- Y, Jefferis GSXE. 2018. Communication from 
learned to innate olfactory processing centers is required for memory retrieval in Drosophila. Neuron 100:651-
668.. DOI: https://doi.org/10.1016/j.neuron.2018.08.037, PMID: 30244885

Doyle JC, Csete M. 2011. Architecture, constraints, and behavior. PNAS 108:15624–15630. DOI: https://doi.org/ 
10.1073/pnas.1103557108, PMID: 21788505

Fisher YE, Lu J, D’Alessandro I, Wilson RI. 2019. Sensorimotor experience remaps visual input to a heading- 
direction network. Nature 576:121–125. DOI: https://doi.org/10.1038/s41586-019-1772-4, PMID: 31748749

https://doi.org/10.7554/eLife.73077
http://orcid.org/0000-0001-9035-5523
https://doi.org/10.7554/eLife.73077.sa1
https://doi.org/10.7554/eLife.73077.sa2
https://github.com/XuelongSun/insectNavigationCX
https://github.com/XuelongSun/insectNavigationCX
https://archive.softwareheritage.org/swh:1:rev:ec0d6943e09df2a685f8b1382475c523375352c3
https://archive.softwareheritage.org/swh:1:rev:ec0d6943e09df2a685f8b1382475c523375352c3
https://github.com/XuelongSun/insectNavigationCX
https://github.com/XuelongSun/insectNavigationCX
https://github.com/XuelongSun/insectNavigationCX
https://doi.org/10.7554/eLife.37815
http://www.ncbi.nlm.nih.gov/pubmed/30129438
https://doi.org/10.1371/journal.pcbi.1004683
https://doi.org/10.1371/journal.pcbi.1004683
http://www.ncbi.nlm.nih.gov/pubmed/26866692
https://doi.org/10.7554/eLife.04580
http://www.ncbi.nlm.nih.gov/pubmed/25535794
https://doi.org/10.1016/j.neuron.2016.06.011
http://www.ncbi.nlm.nih.gov/pubmed/27373835
https://doi.org/10.1016/j.cub.2012.02.029
http://www.ncbi.nlm.nih.gov/pubmed/22405868
https://doi.org/10.1016/j.anbehav.2015.04.029
https://doi.org/10.1016/j.tins.2009.12.004
http://www.ncbi.nlm.nih.gov/pubmed/20060600
https://doi.org/10.1371/journal.pone.0172325
https://doi.org/10.1371/journal.pone.0172325
http://www.ncbi.nlm.nih.gov/pubmed/28241061
https://doi.org/10.7554/eLife.61510
http://www.ncbi.nlm.nih.gov/pubmed/33377868
https://doi.org/10.7554/eLife.57524
https://doi.org/10.7554/eLife.57524
http://www.ncbi.nlm.nih.gov/pubmed/33140723
https://doi.org/10.1016/j.neuron.2018.08.037
http://www.ncbi.nlm.nih.gov/pubmed/30244885
https://doi.org/10.1073/pnas.1103557108
https://doi.org/10.1073/pnas.1103557108
http://www.ncbi.nlm.nih.gov/pubmed/21788505
https://doi.org/10.1038/s41586-019-1772-4
http://www.ncbi.nlm.nih.gov/pubmed/31748749


 Research advance      Computational and Systems Biology

Sun et al. eLife 2021;10:e73077. DOI: https://doi.org/10.7554/eLife.73077  19 of 21

Franconville R, Beron C, Jayaraman V. 2018. Building a functional connectome of the Drosophila central 
complex. eLife 7:e37017. DOI: https://doi.org/10.7554/eLife.37017, PMID: 30124430

Gkanias E, Risse B, Mangan M, Webb B. 2019. From skylight input to behavioural output: A computational 
model of the insect polarised light compass. PLOS Computational Biology 15:e1007123. DOI: https://doi.org/ 
10.1371/journal.pcbi.1007123, PMID: 31318859

Gomez- Marin Alex, Duistermars BJ, Frye MA, Louis M. 2010. Mechanisms of odor- tracking: multiple sensors for 
enhanced perception and behavior. Frontiers in Cellular Neuroscience 4:6. DOI: https://doi.org/10.3389/fncel. 
2010.00006, PMID: 20407585

Gomez- Marin A., Louis M. 2012. Active sensation during orientation behavior in the Drosophila larva: more 
sense than luck. Current Opinion in Neurobiology 22:208–215. DOI: https://doi.org/10.1016/j.conb.2011.11. 
008, PMID: 22169055

Gorur- Shandilya S, Demir M, Long J, Clark DA, Emonet T. 2017. Olfactory receptor neurons use gain control and 
complementary kinetics to encode intermittent odorant stimuli. eLife 6:e27670. DOI: https://doi.org/10.7554/ 
eLife.27670, PMID: 28653907

Goulard R, Buehlmann C, Niven JE, Graham P, Webb B. 2021. A unified mechanism for innate and learned visual 
landmark guidance in the insect central complex. PLOS Computational Biology 17:e1009383. DOI: https://doi. 
org/10.1371/journal.pcbi.1009383, PMID: 34555013

Gowda SBM, Salim S, Mohammad F. 2021. Anatomy and Neural Pathways Modulating Distinct Locomotor 
Behaviors in Drosophila Larva. Biology 10:90. DOI: https://doi.org/10.3390/biology10020090, PMID: 33504061

Green J., Adachi A, Shah KK, Hirokawa JD, Magani PS, Maimon G. 2017. A neural circuit architecture for angular 
integration in Drosophila. Nature 546:101–106. DOI: https://doi.org/10.1038/nature22343, PMID: 28538731

Green J, Vijayan V, Mussells Pires P, Adachi A, Maimon G. 2019. A neural heading estimate is compared with an 
internal goal to guide oriented navigation. Nature Neuroscience 22:1460–1468. DOI: https://doi.org/10.1038/ 
s41593-019-0444-x, PMID: 31332373

Gupta N, Stopfer M. 2012. Functional analysis of a higher olfactory center, the lateral horn. The Journal of 
Neuroscience 32:8138–8148. DOI: https://doi.org/10.1523/JNEUROSCI.1066-12.2012, PMID: 22699895

Hardcastle BJ, Omoto JJ, Kandimalla P, Nguyen BCM, Keleş MF, Boyd NK, Hartenstein V, Frye MA. 2021. A 
visual pathway for skylight polarization processing in Drosophila. eLife 10:e63225. DOI: https://doi.org/10. 
7554/eLife.63225, PMID: 33755020

Heinze S. 2014. Polarized- light processing in insect brains: recent insights from the desert locust, the monarch 
butterfly, the cricket, and the fruit fly. Horváth G (Ed). In Polarized Light and Polarization Vision in Animal 
Sciences. Springer. p. 61–111. DOI: https://doi.org/10.1007/978-3-642-54718-8_4

Heinze S, El Jundi B, Berg BG, Homberg U, Menzel R, Pfeiffer K, Hensgen R, Zittrell F, Dacke M, Warrant E, 
Pfuhl G, Rybak J, Tedore K. 2021. A unified platform to manage, share, and archive morphological and 
functional data in insect neuroscience. eLife 10:e65376. DOI: https://doi.org/10.7554/eLife.65376, PMID: 
34427185

Homberg U. 2008. Evolution of the central complex in the arthropod brain with respect to the visual system. 
Arthropod Structure & Development 37:347–362. DOI: https://doi.org/10.1016/j.asd.2008.01.008, PMID: 
18502176

Honkanen A, Adden A, da Silva Freitas J, Heinze S. 2019. The insect central complex and the neural basis of 
navigational strategies. The Journal of Experimental Biology 222:Suppl . DOI: https://doi.org/10.1242/jeb. 
188854, PMID: 30728235

Hu W, Peng Y, Sun J, Zhang F, Zhang X, Wang L, Li Q, Zhong Y. 2018. Fan- Shaped Body Neurons in the 
Drosophila Brain Regulate Both Innate and Conditioned Nociceptive Avoidance. Cell Reports 24:1573–1584. 
DOI: https://doi.org/10.1016/j.celrep.2018.07.028, PMID: 30089267

Hulse BK, Haberkern H, Franconville R, Turner- Evans DB, Takemura S- Y, Wolff T, Noorman M, Dreher M, Dan C, 
Parekh R, Hermundstad AM, Rubin GM, Jayaraman V. 2021. A connectome of the Drosophila central complex 
reveals network motifs suitable for flexible navigation and context- dependent action selection. eLife 
10:e66039. DOI: https://doi.org/10.7554/eLife.66039, PMID: 34696823

Humphries MD, Prescott TJ. 2010. The ventral basal ganglia, a selection mechanism at the crossroads of space, 
strategy, and reward. Progress in Neurobiology 90:385–417. DOI: https://doi.org/10.1016/j.pneurobio.2009. 
11.003, PMID: 19941931

Jung SH, Hueston C, Bhandawat V. 2015. Odor- identity dependent motor programs underlie behavioral 
responses to odors. eLife 4:e11092. DOI: https://doi.org/10.7554/eLife.11092, PMID: 26439011

Kaissling KE, Zack Strausfeld C, Rumbo ER. 1987. Adaptation processes in insect olfactory receptors. 
Mechanisms and behavioral significance. Annals of the New York Academy of Sciences 510:104–112. DOI: 
https://doi.org/10.1111/j.1749-6632.1987.tb43475.x, PMID: 3324874

Kennedy JS, Marsh D. 1974. Pheromone- regulated anemotaxis in flying moths. Science 184:999–1001. DOI: 
https://doi.org/10.1126/science.184.4140.999, PMID: 4826172

Kim AJ, Lazar AA, Slutskiy YB. 2011. System identification of Drosophila olfactory sensory neurons. Journal of 
Computational Neuroscience 30:143–161. DOI: https://doi.org/10.1007/s10827-010-0265-0, PMID: 20730480

Kim SS, Hermundstad AM, Romani S, Abbott LF, Jayaraman V. 2019. Generation of stable heading 
representations in diverse visual scenes. Nature 576:126–131. DOI: https://doi.org/10.1038/s41586-019-1767- 
1, PMID: 31748750

Kohler M, Wehner R. 2005. Idiosyncratic route- based memories in desert ants, Melophorus bagoti: how do they 
interact with path- integration vectors? Neurobiology of Learning and Memory 83:1–12. DOI: https://doi.org/ 
10.1016/j.nlm.2004.05.011, PMID: 15607683

https://doi.org/10.7554/eLife.73077
https://doi.org/10.7554/eLife.37017
http://www.ncbi.nlm.nih.gov/pubmed/30124430
https://doi.org/10.1371/journal.pcbi.1007123
https://doi.org/10.1371/journal.pcbi.1007123
http://www.ncbi.nlm.nih.gov/pubmed/31318859
https://doi.org/10.3389/fncel.2010.00006
https://doi.org/10.3389/fncel.2010.00006
http://www.ncbi.nlm.nih.gov/pubmed/20407585
https://doi.org/10.1016/j.conb.2011.11.008
https://doi.org/10.1016/j.conb.2011.11.008
http://www.ncbi.nlm.nih.gov/pubmed/22169055
https://doi.org/10.7554/eLife.27670
https://doi.org/10.7554/eLife.27670
http://www.ncbi.nlm.nih.gov/pubmed/28653907
https://doi.org/10.1371/journal.pcbi.1009383
https://doi.org/10.1371/journal.pcbi.1009383
http://www.ncbi.nlm.nih.gov/pubmed/34555013
https://doi.org/10.3390/biology10020090
http://www.ncbi.nlm.nih.gov/pubmed/33504061
https://doi.org/10.1038/nature22343
http://www.ncbi.nlm.nih.gov/pubmed/28538731
https://doi.org/10.1038/s41593-019-0444-x
https://doi.org/10.1038/s41593-019-0444-x
http://www.ncbi.nlm.nih.gov/pubmed/31332373
https://doi.org/10.1523/JNEUROSCI.1066-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22699895
https://doi.org/10.7554/eLife.63225
https://doi.org/10.7554/eLife.63225
http://www.ncbi.nlm.nih.gov/pubmed/33755020
https://doi.org/10.1007/978-3-642-54718-8_4
https://doi.org/10.7554/eLife.65376
http://www.ncbi.nlm.nih.gov/pubmed/34427185
https://doi.org/10.1016/j.asd.2008.01.008
http://www.ncbi.nlm.nih.gov/pubmed/18502176
https://doi.org/10.1242/jeb.188854
https://doi.org/10.1242/jeb.188854
http://www.ncbi.nlm.nih.gov/pubmed/30728235
https://doi.org/10.1016/j.celrep.2018.07.028
http://www.ncbi.nlm.nih.gov/pubmed/30089267
https://doi.org/10.7554/eLife.66039
http://www.ncbi.nlm.nih.gov/pubmed/34696823
https://doi.org/10.1016/j.pneurobio.2009.11.003
https://doi.org/10.1016/j.pneurobio.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19941931
https://doi.org/10.7554/eLife.11092
http://www.ncbi.nlm.nih.gov/pubmed/26439011
https://doi.org/10.1111/j.1749-6632.1987.tb43475.x
http://www.ncbi.nlm.nih.gov/pubmed/3324874
https://doi.org/10.1126/science.184.4140.999
http://www.ncbi.nlm.nih.gov/pubmed/4826172
https://doi.org/10.1007/s10827-010-0265-0
http://www.ncbi.nlm.nih.gov/pubmed/20730480
https://doi.org/10.1038/s41586-019-1767-1
https://doi.org/10.1038/s41586-019-1767-1
http://www.ncbi.nlm.nih.gov/pubmed/31748750
https://doi.org/10.1016/j.nlm.2004.05.011
https://doi.org/10.1016/j.nlm.2004.05.011
http://www.ncbi.nlm.nih.gov/pubmed/15607683


 Research advance      Computational and Systems Biology

Sun et al. eLife 2021;10:e73077. DOI: https://doi.org/10.7554/eLife.73077  20 of 21

Le Moël F, Stone T, Lihoreau M, Wystrach A, Webb B. 2019. The Central Complex as a Potential Substrate for 
Vector Based Navigation. Frontiers in Psychology 10:690. DOI: https://doi.org/10.3389/fpsyg.2019.00690, 
PMID: 31024377

Le Möel F, Wystrach A. 2020. Opponent processes in visual memories: A model of attraction and repulsion in 
navigating insects’ mushroom bodies. PLOS Computational Biology 16:e1007631. DOI: https://doi.org/10. 
1371/journal.pcbi.1007631, PMID: 32023241

Legge ELG, Wystrach A, Spetch ML, Cheng K. 2014. Combining sky and earth: desert ants (Melophorus bagoti) 
show weighted integration of celestial and terrestrial cues. The Journal of Experimental Biology 217:4159–
4166. DOI: https://doi.org/10.1242/jeb.107862, PMID: 25324340

Li F, Lindsey JW, Marin EC, Otto N, Dreher M, Dempsey G, Stark I, Bates AS, Pleijzier MW, Schlegel P, Nern A, 
Takemura S- Y, Eckstein N, Yang T, Francis A, Braun A, Parekh R, Costa M, Scheffer LK, Aso Y, et al. 2020. The 
connectome of the adult Drosophila mushroom body provides insights into function. eLife 9:e62576. DOI: 
https://doi.org/10.7554/eLife.62576, PMID: 33315010

Luo SX, Axel R, Abbott LF. 2010. Generating sparse and selective third- order responses in the olfactory system 
of the fly. PNAS 107:10713–10718. DOI: https://doi.org/10.1073/pnas.1005635107, PMID: 20498080

Lyu C, Abbott L, Maimon G. 2020. A Neuronal circuit for vector computation builds an allocentric traveling- 
direction signal in the Drosophila Fan- Shaped Body. [bioRxiv]. DOI: https://doi.org/10.1101/2020.12.22.423967

Mangan M, Webb B. 2012. Spontaneous formation of multiple routes in individual desert ants (Cataglyphis 
velox). Behavioral Ecology 23:944–954. DOI: https://doi.org/10.1093/beheco/ars051

Matheson AM, Lanz AJ, Licata AM, Currier TA, Syed MH, Nagel KI. 2021. Organization of central circuits for 
wind- guided olfactory navigation. [bioRxiv]. DOI: https://doi.org/10.1101/2021.04.21.440842

Millward BF, Maddock S, Mangan M. 2021. Compoundray: an open- source tool for high- speed and high- fidelity 
rendering of compound eyes. [bioRxiv]. DOI: https://doi.org/10.1101/2021.09.20.461066

Mu L, Ito K, Bacon JP, Strausfeld NJ. 2012. Optic glomeruli and their inputs in Drosophila share an organizational 
ground pattern with the antennal lobes. The Journal of Neuroscience 32:6061–6071. DOI: https://doi.org/10. 
1523/JNEUROSCI.0221-12.2012, PMID: 22553013

Murlis J, Willis MA, Carde RT. 2000. Spatial and temporal structures of pheromone plumes in fields and forests. 
Physiological Entomology 25:211–222. DOI: https://doi.org/10.1046/j.1365-3032.2000.00176.x

Nagel KI, Wilson RI. 2011. Biophysical mechanisms underlying olfactory receptor neuron dynamics. Nature 
Neuroscience 14:208–216. DOI: https://doi.org/10.1038/nn.2725, PMID: 21217763

Okubo TS, Patella P, D’Alessandro I, Wilson RI. 2020. A Neural Network for Wind- Guided Compass Navigation. 
Neuron 107:924–940. DOI: https://doi.org/10.1016/j.neuron.2020.06.022, PMID: 32681825

Olsen SR, Bhandawat V, Wilson RI. 2010. Divisive normalization in olfactory population codes. Neuron 66:287–
299. DOI: https://doi.org/10.1016/j.neuron.2010.04.009, PMID: 20435004

Patella P, Wilson RI. 2018. Functional Maps of Mechanosensory Features in the Drosophila Brain. Current 
Biology 28:1189-1203.. DOI: https://doi.org/10.1016/j.cub.2018.02.074, PMID: 29657118

Plath JA, Entler BV, Kirkerud NH, Schlegel U, Galizia CG, Barron AB. 2017. Different Roles for Honey Bee 
Mushroom Bodies and Central Complex in Visual Learning of Colored Lights in an Aversive Conditioning Assay. 
Frontiers in Behavioral Neuroscience 11:98. DOI: https://doi.org/10.3389/fnbeh.2017.00098, PMID: 28611605

Rayshubskiy A. 2020. PhD thesis: Neural control of steering in walking Drosophila. Harvard University.
Redgrave P, Prescott TJ, Gurney K. 1999. The basal ganglia: a vertebrate solution to the selection problem? 

Neuroscience 89:1009–1023. DOI: https://doi.org/10.1016/s0306-4522(98)00319-4, PMID: 10362291
Roussel E, Carcaud J, Combe M, Giurfa M, Sandoz JC. 2014. Olfactory coding in the honeybee lateral horn. 

Current Biology 24:561–567. DOI: https://doi.org/10.1016/j.cub.2014.01.063, PMID: 24560579
Rutkowski AJ, Quinn RD, Willis MA. 2009. Three- dimensional characterization of the wind- borne pheromone 

tracking behavior of male hawkmoths, Manduca sexta. Journal of Comparative Physiology. A, Neuroethology, 
Sensory, Neural, and Behavioral Physiology 195:39–54. DOI: https://doi.org/10.1007/s00359-008-0380-9, 
PMID: 19018543

Sayre ME, Templin R, Chavez J, Kempenaers J, Heinze S. 2021. A projectome of the bumblebee central 
complex. eLife 10:e68911. DOI: https://doi.org/10.7554/eLife.68911, PMID: 34523418

Scaplen KM, Talay M, Fisher JD, Cohn R, Sorkaç A, Aso Y, Barnea G, Kaun KR. 2021. Transsynaptic mapping of 
Drosophila mushroom body output neurons. eLife 10:e63379. DOI: https://doi.org/10.7554/eLife.63379, PMID: 
33570489

Schulze A, Gomez- Marin A, Rajendran VG, Lott G, Musy M, Ahammad P, Deogade A, Sharpe J, Riedl J, 
Jarriault D, Trautman ET, Werner C, Venkadesan M, Druckmann S, Jayaraman V, Louis M. 2015. Dynamical 
feature extraction at the sensory periphery guides chemotaxis. eLife 4:6694. DOI: https://doi.org/10.7554/ 
eLife.06694, PMID: 26077825

Seelig JD, Jayaraman V. 2015. Neural dynamics for landmark orientation and angular path integration. Nature 
521:186–191. DOI: https://doi.org/10.1038/nature14446, PMID: 25971509

Shiozaki HM, Ohta K, Kazama H. 2020. A Multi- regional Network Encoding Heading and Steering Maneuvers in 
Drosophila. Neuron 106:126-141.. DOI: https://doi.org/10.1016/j.neuron.2020.01.009, PMID: 32023429

Slater G, Levy P, Chan KLA, Larsen C. 2015. A central neural pathway controlling odor tracking in Drosophila. 
The Journal of Neuroscience 35:1831–1848. DOI: https://doi.org/10.1523/JNEUROSCI.2331-14.2015, PMID: 
25653345

Steck K, Veit D, Grandy R, Badia SBI, Badia SBI, Mathews Z, Verschure P, Hansson BS, Knaden M. 2012. A 
high- throughput behavioral paradigm for Drosophila olfaction - The Flywalk. Scientific Reports 2:361. DOI: 
https://doi.org/10.1038/srep00361, PMID: 22511996

https://doi.org/10.7554/eLife.73077
https://doi.org/10.3389/fpsyg.2019.00690
http://www.ncbi.nlm.nih.gov/pubmed/31024377
https://doi.org/10.1371/journal.pcbi.1007631
https://doi.org/10.1371/journal.pcbi.1007631
http://www.ncbi.nlm.nih.gov/pubmed/32023241
https://doi.org/10.1242/jeb.107862
http://www.ncbi.nlm.nih.gov/pubmed/25324340
https://doi.org/10.7554/eLife.62576
http://www.ncbi.nlm.nih.gov/pubmed/33315010
https://doi.org/10.1073/pnas.1005635107
http://www.ncbi.nlm.nih.gov/pubmed/20498080
https://doi.org/10.1101/2020.12.22.423967
https://doi.org/10.1093/beheco/ars051
https://doi.org/10.1101/2021.04.21.440842
https://doi.org/10.1101/2021.09.20.461066
https://doi.org/10.1523/JNEUROSCI.0221-12.2012
https://doi.org/10.1523/JNEUROSCI.0221-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22553013
https://doi.org/10.1046/j.1365-3032.2000.00176.x
https://doi.org/10.1038/nn.2725
http://www.ncbi.nlm.nih.gov/pubmed/21217763
https://doi.org/10.1016/j.neuron.2020.06.022
http://www.ncbi.nlm.nih.gov/pubmed/32681825
https://doi.org/10.1016/j.neuron.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20435004
https://doi.org/10.1016/j.cub.2018.02.074
http://www.ncbi.nlm.nih.gov/pubmed/29657118
https://doi.org/10.3389/fnbeh.2017.00098
http://www.ncbi.nlm.nih.gov/pubmed/28611605
https://doi.org/10.1016/s0306-4522(98)00319-4
http://www.ncbi.nlm.nih.gov/pubmed/10362291
https://doi.org/10.1016/j.cub.2014.01.063
http://www.ncbi.nlm.nih.gov/pubmed/24560579
https://doi.org/10.1007/s00359-008-0380-9
http://www.ncbi.nlm.nih.gov/pubmed/19018543
https://doi.org/10.7554/eLife.68911
http://www.ncbi.nlm.nih.gov/pubmed/34523418
https://doi.org/10.7554/eLife.63379
http://www.ncbi.nlm.nih.gov/pubmed/33570489
https://doi.org/10.7554/eLife.06694
https://doi.org/10.7554/eLife.06694
http://www.ncbi.nlm.nih.gov/pubmed/26077825
https://doi.org/10.1038/nature14446
http://www.ncbi.nlm.nih.gov/pubmed/25971509
https://doi.org/10.1016/j.neuron.2020.01.009
http://www.ncbi.nlm.nih.gov/pubmed/32023429
https://doi.org/10.1523/JNEUROSCI.2331-14.2015
http://www.ncbi.nlm.nih.gov/pubmed/25653345
https://doi.org/10.1038/srep00361
http://www.ncbi.nlm.nih.gov/pubmed/22511996


 Research advance      Computational and Systems Biology

Sun et al. eLife 2021;10:e73077. DOI: https://doi.org/10.7554/eLife.73077  21 of 21

Steinbeck F, Adden A, Graham P. 2020. Connecting brain to behaviour: a role for general purpose steering 
circuits in insect orientation? The Journal of Experimental Biology 223:jeb212332. DOI: https://doi.org/10. 
1242/jeb.212332, PMID: 32161054

Stone T, Webb B, Adden A, Weddig NB, Honkanen A, Templin R, Wcislo W, Scimeca L, Warrant E, Heinze S. 
2017. An Anatomically Constrained Model for Path Integration in the Bee Brain. Current Biology 27:3069-
3085.. DOI: https://doi.org/10.1016/j.cub.2017.08.052, PMID: 28988858

Strausfeld NJ. 2009. Brain organization and the origin of insects: an assessment. Proceedings. Biological 
Sciences 276:1929–1937. DOI: https://doi.org/10.1098/rspb.2008.1471, PMID: 19324805

Sun X, Mangan M, Yue S. 2018. An analysis of a ring attractor model for cue integration. In Conference on 
Biomimetic and Biohybrid Systems. . DOI: https://doi.org/10.1007/978-3-319-95972-6

Sun X, Yue S, Mangan M. 2020. A decentralised neural model explaining optimal integration of navigational 
strategies in insects. eLife 9:e54026. DOI: https://doi.org/10.7554/eLife.54026, PMID: 32589143

Suver MP, Matheson AMM, Sarkar S, Damiata M, Schoppik D, Nagel KI. 2019. Encoding of Wind Direction by 
Central Neurons in Drosophila. Neuron 102:828-842.. DOI: https://doi.org/10.1016/j.neuron.2019.03.012, 
PMID: 30948249

Touretzky DS. 2005. Head direction cells and the neural mechanisms of spatial orientation. WienerSI (Ed). 
Attractor Network Models of Head Direction Cells. MIT Press. p. 1–6.

Turner- Evans D, Wegener S, Rouault H, Franconville R, Wolff T, Seelig JD, Druckmann S, Jayaraman V. 2017. 
Angular velocity integration in a fly heading circuit. eLife 6:e23496. DOI: https://doi.org/10.7554/eLife.23496, 
PMID: 28530551

van Breugel F, Dickinson MH. 2014. Plume- tracking behavior of flying Drosophila emerges from a set of distinct 
sensory- motor reflexes. Current Biology 24:274–286. DOI: https://doi.org/10.1016/j.cub.2013.12.023, PMID: 
24440395

Webb B, Wystrach A. 2016. Neural mechanisms of insect navigation. Current Opinion in Insect Science 15:27–39. 
DOI: https://doi.org/10.1016/j.cois.2016.02.011, PMID: 27436729

Webster DR, Weissburg MJ. 2001. Chemosensory guidance cues in a turbulent chemical odor plume. Limnology 
and Oceanography 46:1034–1047. DOI: https://doi.org/10.4319/lo.2001.46.5.1034

Wehner R. 2019. The Cataglyphis Mahrèsienne: 50 years of Cataglyphis research at Mahrès. Journal of 
Comparative Physiology A 205:641–659. DOI: https://doi.org/10.1007/s00359-019-01333-5, PMID: 31300865

Wessnitzer J, Young JM, Armstrong JD, Webb B. 2012. A model of non- elemental olfactory learning in 
Drosophila. Journal of Computational Neuroscience 32:197–212. DOI: https://doi.org/10.1007/s10827-011- 
0348-6, PMID: 21698405

Wilson RI. 2013. Early olfactory processing in Drosophila: mechanisms and principles. Annual Review of 
Neuroscience 36:217–241. DOI: https://doi.org/10.1146/annurev-neuro-062111-150533, PMID: 23841839

Wolf H, Wehner R. 2000. Pinpointing food sources: olfactory and anemotactic orientation in desert ants, 
Cataglyphis fortis. Journal of Experimental Biology 203:857–868. DOI: https://doi.org/10.1242/jeb.203.5.857

Wolf H, Wehner R. 2005. Desert ants compensate for navigation uncertainty. The Journal of Experimental 
Biology 208:4223–4230. DOI: https://doi.org/10.1242/jeb.01905, PMID: 16272245

Wystrach A, Beugnon G, Cheng K. 2012. Ants might use different view- matching strategies on and off the route. 
The Journal of Experimental Biology 215:44–55. DOI: https://doi.org/10.1242/jeb.059584, PMID: 22162852

Wystrach A, Schwarz S. 2013. Ants use a predictive mechanism to compensate for passive displacements by 
wind. Current Biology 23:R1083–R1085. DOI: https://doi.org/10.1016/j.cub.2013.10.072, PMID: 24355779

Wystrach A, Schwarz S, Baniel A, Cheng K. 2013. Backtracking behaviour in lost ants: an additional strategy in 
their navigational toolkit. Proceedings. Biological Sciences 280:20131677. DOI: https://doi.org/10.1098/rspb. 
2013.1677, PMID: 23966644

Wystrach A, Mangan M, Webb B. 2015. Optimal cue integration in ants. Proceedings. Biological Sciences 
282:20151484. DOI: https://doi.org/10.1098/rspb.2015.1484, PMID: 26400741

Wystrach A, Buehlmann C, Schwarz S, Cheng K, Graham P. 2020. Rapid Aversive and Memory Trace Learning 
during Route Navigation in Desert Ants. Current Biology 30:1927–1933. DOI: https://doi.org/10.1016/j.cub. 
2020.02.082, PMID: 32275874

Yorozu S, Wong A, Fischer BJ, Dankert H, Kernan MJ, Kamikouchi A, Ito K, Anderson DJ. 2009. Distinct sensory 
representations of wind and near- field sound in the Drosophila brain. Nature 458:201–205. DOI: https://doi. 
org/10.1038/nature07843, PMID: 19279637

https://doi.org/10.7554/eLife.73077
https://doi.org/10.1242/jeb.212332
https://doi.org/10.1242/jeb.212332
http://www.ncbi.nlm.nih.gov/pubmed/32161054
https://doi.org/10.1016/j.cub.2017.08.052
http://www.ncbi.nlm.nih.gov/pubmed/28988858
https://doi.org/10.1098/rspb.2008.1471
http://www.ncbi.nlm.nih.gov/pubmed/19324805
https://doi.org/10.1007/978-3-319-95972-6
https://doi.org/10.7554/eLife.54026
http://www.ncbi.nlm.nih.gov/pubmed/32589143
https://doi.org/10.1016/j.neuron.2019.03.012
http://www.ncbi.nlm.nih.gov/pubmed/30948249
https://doi.org/10.7554/eLife.23496
http://www.ncbi.nlm.nih.gov/pubmed/28530551
https://doi.org/10.1016/j.cub.2013.12.023
http://www.ncbi.nlm.nih.gov/pubmed/24440395
https://doi.org/10.1016/j.cois.2016.02.011
http://www.ncbi.nlm.nih.gov/pubmed/27436729
https://doi.org/10.4319/lo.2001.46.5.1034
https://doi.org/10.1007/s00359-019-01333-5
http://www.ncbi.nlm.nih.gov/pubmed/31300865
https://doi.org/10.1007/s10827-011-0348-6
https://doi.org/10.1007/s10827-011-0348-6
http://www.ncbi.nlm.nih.gov/pubmed/21698405
https://doi.org/10.1146/annurev-neuro-062111-150533
http://www.ncbi.nlm.nih.gov/pubmed/23841839
https://doi.org/10.1242/jeb.203.5.857
https://doi.org/10.1242/jeb.01905
http://www.ncbi.nlm.nih.gov/pubmed/16272245
https://doi.org/10.1242/jeb.059584
http://www.ncbi.nlm.nih.gov/pubmed/22162852
https://doi.org/10.1016/j.cub.2013.10.072
http://www.ncbi.nlm.nih.gov/pubmed/24355779
https://doi.org/10.1098/rspb.2013.1677
https://doi.org/10.1098/rspb.2013.1677
http://www.ncbi.nlm.nih.gov/pubmed/23966644
https://doi.org/10.1098/rspb.2015.1484
http://www.ncbi.nlm.nih.gov/pubmed/26400741
https://doi.org/10.1016/j.cub.2020.02.082
https://doi.org/10.1016/j.cub.2020.02.082
http://www.ncbi.nlm.nih.gov/pubmed/32275874
https://doi.org/10.1038/nature07843
https://doi.org/10.1038/nature07843
http://www.ncbi.nlm.nih.gov/pubmed/19279637

	How the insect central complex could coordinate multimodal navigation
	Editor's evaluation
	Introduction
	Results
	Core odour navigation behaviours using copy-and-shift
	Chemotaxis of odour gradients
	Anemotaxis in odour plumes

	Coordination of guidance behaviours by linking frames of reference
	Contextual switching between olfactory guidance behaviours
	Optimally integrating navigation behaviours across sensory domains

	A mechanism for transferring between orientation frames of reference
	From egocentric wind direction to geocentric celestial compass
	From visual context to geocentric celestial compass


	Discussion
	Materials and methods
	Odour field
	Odour field without wind
	Odour field with wind

	Neural model
	Current heading
	Steering circuit
	Upwind direction encoding
	Fly: ON and OFF responses-based switching circuit

	OFF response: Chemotaxis
	ON response: Odour-gated anemotaxis
	Ants: Integration with PI

	Simulations
	Fly: Chemotaxis
	Fly: Anemotaxis
	Fly: Integrated ON and OFF response
	Ants: Odour navigation integrated with PI
	Ants: Wind compensation and backtracking


	Acknowledgements
	Additional information
	Funding
	Author contributions
	Author ORCIDs
	Decision letter and Author response

	Additional files
	Supplementary files

	References


