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“Odour motion sensing enhances navigation
of complex plumes”

Kadakia et al., Nature, 2022

Goncalo Braga, Théo Lacroix & Timur Unver
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=PrL Background

Odor plume
. . . . . ' 3
Multiple information contained in odour [1] [2] : | | x
Source Pi \
&0 ; WA N \
- odour identity @ "&;Ca . ¥ \
3
- intensit é ) —_—
y "‘ Wind direction
- t|m|ng @ % 0; PID

mm/s

— needs to process those streams! F @ :UEEV%TDL[\
AR |\ \—
2L

2
Current theory — flies navigate upwind of odour motion @l

[1] Jung et al., eLife, 2015
[2] Alvarez-Salvado, eLife, 2018
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=PrL Background

Insects sense odors with two spatially separated sensors :

— Their antennae [1],[2] W

— a spatial stimulation will give them a directional information

What about turbulent flows and rapid odour gradient fluctuations ?

— Bilateral sensing also present when odour gradients do not reliably
oint towards the source [3
p [3] ) ﬁw)
??7

0 .°
%’ . [1] Gaudry et al., Nature, 2013

[2] Duistermars et al., Curr. Biol., 2009
| e— [3] Celani et al., Phys. Rev. X4, 2014
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CP=
=PrL Gradient vs Direction

frame: 400 - t: 4.45sec - Slow Motion: 1/2X

Defining : @ P

. } o
odour gradient — concentration °
odour direction — motion

01

20 mm

Demir et al., eLife, 2020
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https://docs.google.com/file/d/10rI0NtpwXAxszKDvAqrEbDHo-WLuqMD1/preview

CP=
=PrL Gradient vs Direction

a Laminar wind —>

Defining : @

. } o
odour gradient — concentration °
odour direction — motion
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Virtual fly antenna

Fly-track
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CP=
=PrL Gradient vs Direction

Defining : @

odour gradient — concentration ° o

&

odour direction — motion £ 20 —,
O ****%-1
[0 e 10K :
: : : w0 NS
Evaluating odour effect on fly orientation [_IS ()\ Bo )
. . . - = -10F dkkk 5
also defined as turning bias N R :%» 50 g
0 5
Odour

— flies respond to odour velocity! concentration (AU)
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i = L
=PrL Odour motion without wind

o
(-]
Issue : Odour motion and wind motion are inherently connected!

— How to distinguish them ? 4
% -
— Optogenetics! = ?

How ?

Induce mutation on channelrhodopsin Chrimson

— sensibility to light when fly feed with ATR a

— stimulates Olfactory Receptor Neurons (ORNSs) locally Camera Projector

IR-pass 1 @
5(‘)1 Chrimson>0Orco 62 filter = i
£ ATR ORNSs 1 | *\ cm
B 27 cm —
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=PrL Odour motion without wind 3?)

&

Issue : Odour motion and wind motion are inherently connected!
— How to distinguish them ?
— Optogenetics!

Simulating “odour bars” with light bands
— no wind but odour moves!

: . . b C
— moving bars elicit movement » Bar
: : - Moving fictive odour : = :
rlght-mo.vmg —>.Ieft d!splacement bars (o wind) E motion
left-moving — right displacement 5 s stimulus 5 s blank | tn T
n e
. 8
(+x ﬁ_\ 10 _I_Iil_l_ m
A R~ 20 2
e Fly x veIgcnty
(mm s™)

: 1
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=P-L

Odour motion without wind

Issue : Are flies using Gradient or Direction sensing for odour tracking o©
— On & OFF edges to differentiate them

e ON edge OFF edge f Orco>Chrimson
—_ —_ ; dokkde
& @ Expected turn bias -
éz = ) 0.4

Tuming bias

!
ON OFF o | e
Gradient ¥ = /> * [+ 0.2} = +ATR
sensing L R Non-ATR
0 NS control
it + | | | | |

5 —90° 0° 90° —90° 0° 90° o Jl B
’:@ &\ 3”‘ Orientation at edge
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=P-L

Antenna play huge role in odour differentiation
— ablation of one antenna
— no more direction sensing

a C
Orco>Chrimson (single antenna)

bar Fly x-velocity

motion 0r

—_—
-

“wins

Time (s)
(6]

Juelq

10
2 0 2

. (mm/s)
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Time (s)

Antenna as a Navigator

Or42b>Chrimson

0

10

Fly x-velocity

2 0 2
(mm/s)

‘wins
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=P-L

How to model the turn bias ?

- Wind response as cosine :
_ _ sum of cosines ?
- Odour motion as cosine

Flash + wind motion Odour motion

0 0

S & g4

s, B2 =4 - ~cos(6)
> o LN

E € L

F-o04f N E04F , | 1
Wind 0 180° 360° Bars 0° 180° 360°
— YA <Y —> YA <Y

Fly orientation at onset Fly orientation at onset
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=P-L

How to model the turn bias ?

- Predictions vs.
Measurements

BIOENG-456 Ramdya

Turning bias

Fly orientation at onset

Predicted Measured
1 — 1 —Flashand
- wind motion
s 06 N\ 06 /7 — Odour motion
2L X L _J___\__. --- Additive
E 0 / 0 _// \ model
2 -0.6 ; 06(¢, | I\El — Measured
0° 180° 360° 0° 180° 360°
UET & 06T = --- Additive
7 7\ model
0 O ---Nd
» \ — Measured
06, | | 06, | | |
0° 180° 360° 0° 180° 360°
Vo A<V V3 A €Y phase shift +

nonlinearity ?
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Hassenstein-Reichardt correlator
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(HRC) .

Express direction of motion relative to
latency of 2 receptors

Antenna Inter-antennal
spacing L--. Jatency AT

1' /,' vﬂy b ¢

(/" Vbar
Lsin¢

- ’Vbar’ — |Vf|y‘ COS¢

oW
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Hassenstein-Reichardt correlator
(HRC) _

'2 ; - Introducing artificial linear delay filtering

and mirroring 2 sums — expression of

turn bias as a function of the latency g:;r;ing

& - t=37ms
o — —
/ﬁ}_z:::z . e
£02F /yf/’ Turning bias «j_w r(t)dt=<|1-e 7
= (g

0 | | J

0 10 20 30
AT (ms)
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=y = L=
=Pl Comparing behaviour to HRC

predictions
- d Wind —>
Positively correlated With wind Against wind
to the right e ] o -
— - & T>J %
-1 HHHNDT e P -
; LN D a S5
& e
£ " o .
il b PR
y‘ 3 % 0 P P P g?
\ X ¢ I:I:| % 8
X —>

- Moving line of patterned light

(snapshot) — correlated noise stimuli
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= = 1=
=Pl Comparing behaviour to HRC

Positively correlated
0.6 |- — With .
é "A‘"”‘_’ t - Response stronger when odour motion
- ains .
o 0.3 wind follows wind trend
S o)l - - Confirmed presence of “reverse phi”
P e——— effect
—90° 0° 90° . .
- Same experiment with perfectly
Negatively correlated correlated stimuli (gliders) — same
o 0.6 -VWViir’f]g responses but amplified
> 0.3 - Against — Odour-direction sensing involves
£ win . . .
E correlation-sensitive algorithm
~ Op—=
| I
-90° 0° 90°

16/21



EPF_L Towards more natural HRC models

@)

Recorded ORNs

50
o~ Direction
.. resolvable

- S ¥ -----="% for |AT] =

HRC response (AU)
o

M1 11-153 ms
A2 ) A2 Up to 30 ms jitter in ORN spikes \/
Left Right -50 [ L |
ORN  ORN : L . : -200 0 200
__ 60740 Bilateral mixing of signals as in Latency AT between
MIXING  hooling neurons rionnas (me)
—30 ms -
filter : , 2 5 «__ Direction
5 30 ms low-pass filter representing = " resolvable
4 t] HRC  projection neuron responses € 0 frreei for |AT] =
a N / 21-171 ms
[}
@ -5
8 1 |
T -200 0 200

Latency AT between
antennae (ms)
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P -
=PrL Manipulations of odour presentation @

d Qutward/inward bars - ////7/"/’{/7/,7:5 9 Normal/reverse plume
> /’{’/'//11’117,:?
o = (O
) M@
<v0dour> \‘&\\\‘\\\\\&
ESSS
d = » ;
Laminar wind —> Cotosme? T Laminar wind —»>
e Reached source h
Outward ! u Inward Normal Reverse
Q= =
50+ D2 &3
ga Sg40
< c
D Q
@ (0]
O &)
8 (6] e 020
[=] D>
a v o n

o

X (mm) 100 200
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Insights for robotic odour taxis (Lo
oO
] ] Navigators based on fly navigation
e Bilateral Odour Sensmg Not odour-direction sensing
_hIi Turn against the
o antenna-like ‘\ wind when odour
‘/. <«— ¢® hits are frequent
~Vwind
. . . i Odour-direction sensing
e Multisensory input integration Vg ) Tum against
. . w;n____". the vector sum
o odour direction /‘ _v_._ of wind and
. -V % odour  gdour when
o odour gradients sum hits are frequent
O W|nd direCtion k Direction sensing Not direction sensing 1
50
o _ . 33 40
e Biomimetic navigation strategies 582004
o upwind turning 0 g3 oM
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L Limitations
* _
/ // \’
e Odour tracking more pertinent in flying flies [1] Ty
— Same process in walking flies ? ,/ R}

e Restricted to two dimensional scenario only, odours are volatile — 3D /ﬁb\

e Wind and Odour motion are uncorrelated (separable) in the HRC
simulations. This is not the case in nature.

[1] Duistermars et al., Curr. Biol., 2009
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Conclusion

e Drosophila respond to odour motion in a direction sensing manner,
by using their two antennae to decode its direction. Y — ©

e Turning responses in flies are consistent with direction sensing rather
than gradient sensing and can be understood as a sum of odour and
wind motion contributions.

4 >-vc

e Odour motion sensing can be modelled by an algorithm sensitive to

correlations (HRC). The temporal precision of ORN responses is
sufficient to decode odour directionality.
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