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Abstract
The coordination of a group of specialized cells carrying out specific tasks in multicellular animals results in the development of the nervous 

system. Studies on the Ctenophora, Placozoa, and Ciliophora demonstrate that networks of protein-protein interactions with a similar level of 
complexity to brain networks carry out signal processing in individual cells.
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Introduction

It is supposed that the nervous system emerged in primitive 
multicellular organisms as a result of coordinating the activity of 
specialized cells performing different functions through chemical 
communication by means of neurotransmitters [1]. Thus, specific 
genes of the nervous system encoding synaptic proteins, voltage-
gated sodium, potassium, and calcium channels, etc. were identified  
in the genome of primitive Placozoa [2], but no neurons were 
observed while complex behavior of the organism. Orthologs of 
neurospecific proteins of higher animals like Glial Fibrillary Acidic 
Protein (GFAP) are identified the genome of Ctenophora [3], there 
is a diffuse network of neurons that covers the whole body of the 
animal and innervates the aboral organ that acts as a multiple 
sensor [4]. An elementary ability to make decisions in situational 
conditions has been proven in Mnemiopsis leidyi [5]. In addition, 
Trichoplax adhaerens was found to have a gene for the precursor 
of the major histocompatibility complex (proto-MHC), which is 
essential for the functioning of the vertebrate immune system [6].  
Intensive alternative splicing, great variability, and the number of 
adhesion receptors indicate the common origin of the immune and 
nervous systems [7], which are evolved to solve pattern recognition 
tasks.

 
It is unexpected that computational tasks inherent to neural 
networks can be solved not only by multicellular animals with 
highly developed nervous systems but also by single-cell organisms 
up to bacteria, which has been noted by both theorists [8] and 
experimentalists [9]. Indeed, a simple robot or an autonomous 
agent must be able to receive signals from the environment, 
process them, and perform responses with the help of actuators in 
order to survive in unfavorable conditions. Unicellular organisms 
show amazing examples of adaptation and patterns of behavior. 
Examples include chemical communication and quorum sensing, 
which provide preventive regulation in bacterial populations 
[10]. What mechanisms are responsible for the complex behavior 
observed in primitive organisms?
Protein-Protein Interactions Resemble Neural Net-
works

It has been shown that not only animals but also plants are 
capable of signal processing and decision-making [11], and “bio 
computations” occur due to the formation of a network of metabolic 
pathways and protein-protein interactions in response to incoming 
stimuli [12]. Given steadily repeating patterns of signals, the 
metabolic neural network is able to change its structure to adapt 
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to the input signals [13]. This process resembles the training of a 
computer neural network with the the establishment weights. It 
can be manifested at the physiological grade and fixed at the genetic 
level in the course of long evolution as a result of the selection of 
correct solutions and corresponding computational structures.

Bioinformatics research has revealed protein-protein 
interaction networks that resemble a perceptron in evolutionarily  
ancient organisms, such as Trichoplax adhaerens, Trichoplax sp. H2 
[14] and Mnemiopsis leidyi [15,16]. It turned out that signals from 
visual opsin receptors or mechanosensitive ion channels  (Transient 
Receptor Potential channels and Piezo channels) can propagate 
rapidly across the cell membrane, penetrate with a delay into the 
cytoplasm or be slowly delivered to the nucleus, which provides a 
wide range of responses of the biological system from physiological 
to genetic levels.

Sessile infusoria are the most intriguing unicellular organisms 
because they can adapt to repeated stimuli, which is reminiscent 
of learning [17].  The genomes of 62 representatives of Ciliophora 

have been sequenced, some of which have been annotated, allowing 
us to study protein-protein interaction networks. We constructed 
a spatial model of rhodopsin-like GPCR transmembrane protein 
XP_001030210_2, which has 7 typical α-helices (Figure 1a), as well 
as a nearest neighbor tree (Figure 1b) and a 10-order interactive 
graph (Figure 1c) for Tetrahymena thermophila who is a free-living 
protozoon and occurs in fresh water. Similarly, the unannotated 
XP_001456900_1 protein, also including 7 transmembrane α-helices 
(Figure 2a), which reproduces the structure of the canonical 
opsin, was reconstructed in the slipper animalcule Paramecium 
caudatum. After that, first- and 10th-order protein neighbor graphs 
were constructed (Figure 2b and 2c). It should be noted that in 
addition to the channel formed by transmembrane α-helices, both 
XP_001030210_2 and XP_001456900_1 have an interactive domain 
at the N-terminus, which distinguishes them from vertebrate 
opsins. A well-developed network of protein-protein interactions 
with a nodal opsin-like protein may be involved in the phototaxis of 
infusoria (Figure 1 and Figure 2).

Figure 1: 3D model of rhodopsin-like GPCR transmembrane domain protein XP_001030210_2 (a), nearest neighbor tree (b) and 10-order 
graph (c) of Tetrahymena thermophila; the nodal protein is marked in red, nearest neighbors are colored, distant neighbors are gray circles.

Figure 2: 3D model of the unannotated protein XP_001456900_1 (a), nearest neighbor tree (b) and 10-order graph (c) of Paramecium 
caudatum; the nodal protein is marked in red, nearest neighbors are colored, distant neighbors are gray circles.
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In addition, mechanosensory receptors, presumably Piezo 
proteins, were found in Tetrahymena thermophila, which interact 
with proteins involved in the transport of vesicles from the 
endoplasmic reticulum to the Golgi complex. The existence of 
complicated molecular mechanisms in ciliates allows these 
organisms to survive in complex and changing environmental 
conditions throughout their evolutionary history.

Conclusion

The protein-protein interaction networks discovered in 
Ctenophora, Placozoa, and Ciliophora are characterized by 
great complexity and resemble neuronal networks processing 
information in animals with developed immune and nervous 
systems that allows us to discuss  the underestimation of the 
“cognitive” abilities of a single cell. The development of networks 
of metabolic pathways and protein-protein interactions is evident 
when studying free-living unicellular eukaryotes.
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