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In this project, we implemented molecular computing systems both in silico
and in vitro, following the Reservoir Computing framework. The simulation aspect allowed us to
explore the theoretical capabilities of the molecular systems while the experimental aspect provided

a confirmation that our results were realistic. We found reasonable design constraints on those
systems and showed that even simpler ones could still perform well for typical applications.

Molecular Robotics Reservoir Computing Thermosensing Quality-Diversity PEN DNA Toolbox E
volutionary Algorithms Thermal input



DNA Shin and Pierce, JACS, 2004
Thubagere et al, Science, 2017
Sato et al, Science Robotics, 2017

(Kawamata et al., CMSB,
2012)
invitro
CRN (Chemical Reaction Network; )
Jaeger

Lukosevicius and Jaeger, Computer Science Review, 2009

Goudarzietal. DNA?2013

Yahiro et al., ALIFE 2018

Memory Capacity Kernel Rank Generalization
Rank 1

Chemical Reaction Network Fluorescence

lTemperature
input
Hot @ @® Cold

Performance
(MC, KR, GR)

Prediction ’




() DNA
PEN Polymerase,

Exonuclease, Nickase Montagne et al., Molecular systems biology, 2011
PEN 2 DNA 11 13
22 25
PEN
2
Reaction network' a DNA predator-prey oscillator Prey oscillations vs Temperature

—

Pol. 5 w'c“ \ Pol.
oy tion

u—— replication . ——— Preda _

[ — —

< R ETSSB

T(°C)

42.0

VU UL UL 427
442

46.3

49.0

——
o
©
o
Iemperature decrease’

-dy530 Fluorescence (-[Prey]) (a.u.)

3= Exo( Exo. ) fsxo. = time-lag o1
dy530 ¥ Degradation 4 Exo, Proy mei B roatica
1 M) 1 (%) Loy — = e 524
. _ Grass template S y=d 5
0 Time (h) 20
2 DNA
A B C 3
@) PEN
(MC)
(KR) (GR) Dale et al., Proceedings of the Royal Society A,
2019
(©) Quality Diversity Cazenille et al._,
IEEE ALIFE 2019
() PEN in vitro Lobato-Dauzier et

al., ALIFE 2020 1



Predator Prey Yahiro et al., ALIFE 2018

87% 91%
) Lobato-Dauzier et al., bioRxiv 2022; Lobato-
Dauzier et al., submitted Baccouche et al., Nature Protocols, 2017
3
A Droplet encapsulated chemical neurons in a temperature gradient
= ALY 000 g
% ‘100 e TS c090e
3 -
:
w 00°Je0 00 g0 o
3h 24 min 3h 36 min Time (h)

50.5

A
[Exonuclease] (nM)

= 3
£ 04 808
3 [Exonuclease] (] N
§ 022 — 24 M S o4 ,
g, :3g:m EQ [Prey] = constant
) E
w363 391 4.8 50.5 363 391 44.8 50.5
Temperature (°C) 0 Time (h) 125 Temperature (°C)
3 A
B:
C: B
D: B/E E
F:
E
3) Ito et al., GECCO 2021; Ito and Aubert-Kato,
submitted
Yahiro et al, ALIFE 2018 ()
CRN
4
2 5

Padirac et al., PNAS, 2012 in vitro



7 ° o 7 °
80 * o § ! i o
. g 8 6 ® o o 6 e o o o
60 ] 2 : ! . ! L] 5 e o o o 5 e &8 o o o
@) i L . o 4 s e e o 4 e & ©o o o
E 40 e 8 - 4 3 e 8 o ° LD 3 e & o o o
b X IR 2 e & o o 2 e o 8 o °
20 - 1] o o ©# & ©o o o 1 e o & o o o
0 0O ¢ o @« 8 © o o 0 e o o
s 6 8 10 - 6 8 10 - 6 8 10
size size size
7 e 7 2 7 e o
6 » o e 6 > o © omec 6 e o o o
5 x - 900 ©® 5 e o0 o0 © X0 COMD 5 e o o o
o 4 =] L L 1) o 4 e e» co® @me o 4 e o o o o
¥ 3 - ® omm o 03 eee ® © sow ame (93 e o o o o o
2 e . L S0 N 2 o ® O @ WHCoomS 2 & o o o o
1 ®o omwesso 1 m® cmm: 1 o o o e
0 >0 © o @ ®o w0 0 o cooa=o 0 o °
0 20 40 60 80 0 20 40 60 80 0 2 - 6
MC MC KR
4 MAP-Elites 5

Lobato-Dauzier, N., Cazenille, L., Fujii, T., Genot, A., & Aubert-Kato, N. (2020,
July). Temperature-based inputs for molecular reservoir computers. In Artificial Life
Conference Proceedings 32(pp. 420-422).

Ito, M., Cazenille, L., & Aubert-Kato, N. (2021, July). Automatic exploration of the
property space of reservoirs. |In Proceedings of the Genetic and Evolutionary
Computation Conference Companion (pp. 99-100).

Lobato-Dauzier, Nicolas, et al. "Neural coding of temperature with a DNA-based spiking
chemical neuron." bioRxiv (2022): 2022-07.



3 2 3 2

Inagaki Shiho Aubert-Kato Nathanael 13

Controlling the Synchronization of Molecular Oscillators through Indirect Coupling 2022

Micromachines 245 245
DOI

10.3390/mi13020245

Ito Mika Cazenille Leo Aubert-Kato Nathanael 2021

Automatic exploration of the property space of reservoirs 2021

GECCO *21: Proceedings of the Genetic and Evolutionary Computation Conference Companion 99~100
DOI

10.1145/3449726.3459426

Lobato-Dauzier Nicolas Cazenille Leo Fujii Teruo Genot Anthony Aubert-Kato Nathanael 32

Temperature-based inputs for molecular reservoir computers 2020

ALIFE 2020: The 2020 Conference on Artificial Life 420-422

Dol
10.1162/isal_a_00293

Ito M., Cazenille L., Aubert-Kato N.

Automatic exploration of the property space of reservoirs

GECCO 21

2021




Lobato-Dauzier N., Cazenille L., Genot A., Aubert-Kato, N.

Interfacing molecular reservoirs and electronic computers through temperature and fluorescence-based signaling

Pacifichem 2021

2021

Aubert-Kato N.

A framework for molecular-based reservoir computing

2021

Genot A.

Enzymatic neural networks

International Workshop on Molecular Cybernetics

2022

Lobato-Dauzier Nicolas

Temperature-based inputs for molecular reservoir computers

ALIFE 2020

2020




Lobato-Dauzier Nicolas

Temperature-based inputs for molecular reservoir computers

CBI 2020

2020

(GENOT ANTHONY)

(00761975) (12601)




