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Plants are able to perform photosyn-
thesis and cannot escape from envi-

ronmental stresses, so they therefore 
developed sophisticated, highly respon-
sive and dynamic physiology. Others’ 
and our results indicate that plants 
solve their optimal light acclimation 
and immune defenses, photosynthesis 
and transpiration by a computational 
algorithm of the cellular automation. 
Our recent results however suggest that 
plants are capable of processing infor-
mation encrypted in light intensity and 
in its energy. With the help of nonpho-
tochemical quenching and photoelectro-
physiological signaling (PEPS) plants 
are able to perform biological quantum 
computation and memorize light train-
ing in order to optimize their Darwinian 
fitness. Animals have their network of 
neuron synapses, electrophysiological 
circuits and memory, but plants have 
their network of chloroplasts connected 
by stromules, PEPS circuits transduced 
by bundle sheath cells and cellular light 
memory. It is suggested that plants 
could be intelligent organisms with 
much higher organism organization lev-
els than it was thought before.

Light, Photosynthesis and Life

Without light there are very limited life 
possibilities. Plants are unique organisms 
capable of photosynthesis that support 
non-photosynthetic life on our planet. 
Due to photosynthesis and oxygenic 
atmosphere, reach heterotrophic live 
forms could evolved on the Earth. Plants 
cannot escape from a stress situation. 

Secret life of plants
From memory to intelligence

Stanislaw Karpinski1,* and Magdalena Szechynska-Hebda1,2

1Department of Genetics; Breeding and Plant Biotechnology; Faculty of Horticulture and Landscape Architecture; Warsaw University of Life Sciences;  

Warszawa, Poland; 2Institute of Plant Physiology Polish Academy of Sciences; Niezapominajek Krakow, Poland

Therefore, they have developed a highly 
responsive, flexible and dynamic physi-
ology, which allows them to function 
under short- and long-term fluctua-
tions and rapid changes in their natural 
environment. In plants evolved natural 
capacity to absorb more light energy than 
that required for photosynthetic CO

2
 

assimilation.1 Therefore plants have non-
photochemical quenching (NPQ) and 
photochemical quenching (q

p
), mecha-

nisms that control dissipation of absorbed 
light energy in excess2-5 and reactive 
oxygen species (ROS) metabolism.6-12 
There are living trees that germinated 
long before Jesus Christ was born. What 
sort of life wisdom evolved in plants to 
make it possible to survive and propagate 
for so long a time in the same place they 
germinated?

When photosystem II (PSII) is exposed 
to excess light, acidification of the lumen 
increases and singlet oxygen stages (1O

2
) 

are generated in the higher extend among 
of the many other singlet stages of chlo-
rophyll and carotenoids molecules. Due 
to basic quantum physics law, the Pauli 
exclusion principle, higher levels of 1O

2
 

increase probability to generate other 
ROS, like superoxide radical (O

2
.-) and 

hydrogen peroxide (H
2
O

2
). It has to be 

noted here that absolute half-life time of 
1O

2
 is several orders of magnitude shorter 

than absolute half-life time of O
2

.-, and 
absolute half-life time of O

2
.- is several 

orders of magnitude shorter than abso-
lute half-life time of H

2
O

2
. Therefore 

1O
2
 generation in excess light exposure 

is a part of the immediate NPQ mecha-
nism, while further ROS metabolism like 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3115239/pdf/psb0511_1391.pdf
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fluorescence are dynamic, emergent and 
propagating across the leaf with speed of 
circa 0.6 cm per sec. Our results indicate 
that light wavelength-specific photoelec-
trophysiological signaling (PEPS) induced 
in response to excess light and induced by 
transthylakoid ΔpH and NPQ changes is 
propagated systemically by bundle sheath 
cells with similar or faster speed and is 
regulated, at least in part, by the same 
mechanism as for NPQ.17 Thes results17 

(Fig. 1A and B) indicate that PEPS can 
regulate and coordinate specific, emergent 
and dynamic in time ΔpH and NPQ local 
and systemic changes (Fig. 1A and B) 
that trigger further concomitant changes 
in the pattern of gene expression.8-12,17 
Cellular automation is an algorithm that 
can regulate pattern of these changes, but 
quantum-redox light-sensing mechanism 
in PSII with PEPS circuits and cellular 
light memory define algorithm of changes 
(like cellular automation programing). 
Several seconds of excess light illumina-
tion is sufficient to induce PEPS with 
maximal action potential and speed.17

Plants Intelligence

A definition of memory and intelligence 
for plants was proposed by Trewavas:29 
adaptively variable growth and develop-
ment during the lifetime of the individual. 
In animals, memory is connected with 
intelligence in such a way that the more 
intelligent the organism is, the greater the 
degree of individual adaptively variable 
behavior. Because this definition was used 
to describe intelligence in other organ-
isms than humans, we used this definition 
in our experimental system.17 Do plants 
exhibit memory and behavior that result 
from memorized previous events? Our 
recent data indicate that plants possess 
memory of previous light incidents, called 
cellular light memory, which is used for 
optimization of future light acclimatory 
and immune defense responses (SAAR).17 
In other words, plants can store and use 
information from the spectral composi-
tion of light for several days or more to 
anticipate changes that might appear in 
the near future in the environment, for 
example, for anticipation of pathogen 
attack. Therefore, plants have to possess a 
mechanism for processing the memorized 

Foliar NPQ Pattern,  
Photoelectrochemical Signaling 

and Light Memory

NPQ is immediate mechanisms that 
convert excess of absorbed light energy 
(absorbed in a form of electron resonance 
induced in chlorophyll molecules organ-
ised in light harvesting complexes) into 
a heat and subsequent hormonal signal-
ing. In Arabidopsis thaliana rosettes par-
tially exposed to excess light, changes 
in NPQ were observed and indicated 
for higher photooxidative stress, in both 
directly exposed leaves and leaves under-
going SAAR (Fig. 1A and B). Changes in 
NPQ varied, in some leaves with the low-
est NPQ values in the central vein region 
and the highest values towards the edge of 
the leaf (Fig. 1A and B). Furthermore, we 
detected sectors of different NPQ values 
in leaves undergoing SAAR, but in leaves 
that were directly absorbing light energy 
in excess, NPQ was strongly reduced and 
its foliar gradient was flattened (Fig. 1B). 
Such a pattern of NPQ in leaves under-
going SAAR is, however, similar to that 
observed in control plants, but it is char-
acterized by a higher gradient differences 
and lower average NPQ.

Acidification of the chloroplast lumen 
is prerequisite to induce NPQ changes.4,5,13 
Therefore, pattern of changes in NPQ 
exactly reflects pattern of prior changes 
in ΔpH across thylakoid membrane in 
chloroplasts. This requires a very precise 
signaling mechanism that regulates and 
coordinates which chloroplasts in which 
group of cells or leaf sector should have 
lower or higher pH value in the chloro-
plast lumen. It is also known that different 
pH values in the chloroplast lumen differ-
ently change the redox status of the photo-
synthetic electron carriers and differently 
regulate/deregulate retrograde chloroplast 
to nucleus signaling that depends on the 
e.g., redox status of the plastoquinone 
and glutathione pools (reviewed in refs. 
8, 9, 12, 18 and 19). Taking into consid-
eration the foliar pattern of NPQ and its 
regulatory role for the redox status of the 
photosynthetic electron transport com-
ponents it regulates/deregulates nuclear 
gene expression in a similar pattern as 
observed for NPQ.17 Peak and colleagues28 
demonstrated that changes in chlorophyll 

Mehler reaction, water-water cycle and 
photorespiration are part of q

p
 mecha-

nisms and beyond. Excess light exposure 
decreases the lumenal pH value that 
in turn triggers a change in PSII light 
harvesting antenna function from light 
absorption to light dissipation by the 
means of NPQ.4,5,13,14 Therefore during 
highly variable light, various components 
of the photosynthetic electron transport 
chain become transiently more reduced 
or oxidized and deregulate ROS metabo-
lism. This in turn trigger changes in the 
chloroplast stromal redox state (reviewed 
in refs. 1, 9 and 15) and activate cellu-
lar mechanisms for induction of various 
light acclimatory and defense responses, 
such as systemic acquired acclimation 
and resistance (SAAR),9,10,12,16,17 shifting 
of transcription programs in the chlo-
roplasts and in the nucleus,7,8,10,12,18-21 
inducing state transitions and other light 
acclimatory mechanisms.11,13,22-24

Plants are able to integrate and simulta-
neously process multiple stimuli and pri-
oritize their responses.12,16,19,20,25,26 Light 
acclimation processes in plants act to dis-
sipate excess of absorbed light energy and 
optimize photosynthesis under variable 
light, temperature and humidity condi-
tions. Plant leaves solve their problem of 
optimal gas exchange, transpiration and 
photosynthesis, in a way similar to that 
defined by the algorithm of the cellular 
automation.27,28 Cellular automation, 
proposed by John von Neumann and 
Oskar Morgenstern in 1944,27 is a math-
ematical model for a dynamic system that 
is discrete in time and in space. It depends 
on local interactions, but global phenom-
ena emerge due to predefined local inter-
actions. Therefore the finding of Peak 
and colleagues28 implies that there must 
be a molecular mechanism (hardware) 
that coordinates functioning of signal-
ing networks that govern light acclima-
tion, immune defenses, photosynthesis, 
transpiration and subsequent develop-
mental processes in plants. Despite the 
importance of this information, surpris-
ingly little is known about these signal-
ing interactions and theirs coordination. 
Recently, however, we have identified 
parts of this hardware and described the 
mechanism of signaling interactions and 
theirs systemic coordination.17
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Here we have to ask why do plants 
evolve mechanisms in which excess light 
and its spectral composition regulate 
SAAR? In dense canopy, light intensi-
ties are strongly reduced, therefore the 
majority of leaves are in shade and prone 
to pathogen attack.12,17 SAAR is in fact a 
mechanism in which plants use the disad-
vantages of being partly exposed to excess 
light to strengthen, for example, immune 
defenses in the dense canopy zone. Another 
possible answer to the above question is a 
light training of young naïve leaves. Let’s 
imagine when young leaf or flower is 
emerging out of a plant, it would be nice 
for that leaf or flower to know about the 
conditions in which it is going to emerge. 
Older, more experienced leaves that actu-
ally are acclimated to outside conditions 
can train naïve emerging young leaves 
with the PEPS and cellular light memory 
mechanisms. This explains why plants 
possess a natural capacity to absorb more 
light energy than that required for pho-
tosynthetic CO

2
 assimilation. They need 

changes in transthylakoid ΔpH, NPQ 
in different sectors of non-stressed 
leaves, leaves exposed to excess light and 
leaves undergoing SAAR are observed. 
Rephrasing this information, we can say 
that different group of chloroplasts and 
cells in the same leaf under identical con-
stant and stable light, temperature and 
relative humidity condition have different 
opinion “what to do” in such conditions 
(Fig. 1A) and tests different scenarios of 
possible future development (like differ-
ent military exercisers during peace time). 
But cells and leaves exposed to excess light 
represent one clear opinion: use as much 
NPQ as possible (Fig. 1B) (like in a real 
war zone). Moreover, leaves that are still 
in shadow (Fig. 1B) also have a different 
opinion that they had just one hour before 
(Fig. 1A) of the same Arabidopsis thali-
ana rosette that was partially exposedto 
excess light and are undergoing SAAR 
(like mobilization for war). Is this a sort of 
physiological game or exercisers or behav-
ior of plant leaves?

information. This mechanism has to con-
vert quantum information encrypted in 
the light intensity and energy (“color of 
light” or wavelength) into PEPS that spe-
cifically regulate physiological responses 
(cellular light memory and SAAR) in 
the whole organism. Our recent results17 
allow us to suggest that plants actually 
work as a biological quantum computing 
device that is capable to process quantum 
information encrypted in light intensity 
and in its energy with help of NPQ and 
quenched singlet stages, transmute it into 
analogous (PEPS) information and finally 
is capable to physiologically memorize it 
with help of q

p
, O

2
.- and H

2
O

2
.

Taking into consideration the above 
and that representative reaction towards 
stimuli from internal chemical reactions 
or external environmental factors are in 
fact describing thinking process in leav-
ing organisms, plants can actually think 
and remember. This is clearly illustrated 
in Figure 1A and B where emergent, 
dynamic and independently distributed 

Figure 1. Partial exposure to excess light and induction of SAAr is associated with systemic gradient-like changes of foliar NPQ and changes in PePS. 
Arabidopsis thaliana col-0 rosettes were grown at low-light conditions (LL, 100 μmol photons m-2s-1) and were partially exposed to excess light (eL, 
2,000 μmol photons m-2s-1). (A) Left, controls that were LL grown with no excess light exposure. (B) right, the same rosette partially exposed to eL for 
60 min (three bottom leaves with the lowest NPQ value). NPQ estimated the nonphotochemical quenching from Fm to F’m is monitoring the appar-
ent heat losses from PSii and is calculated from (Fm/F’m) - 1, where Fm is maximal chlorophyll fluorescence of dark-adapted PSii (all QA molecules are 
reduced), F’m = is maximal chlorophyll fluorescence of light-adapted PSii (all QA molecules involved in photosynthetic electron transport from water 
in provided light condition are reduced). changes in PePS (mV) were measured in bundle sheath cells of eL exposed leaves and in leaves undergoing 
SAAr. One bundle sheath cell of directly exposed leaf and another in a leaf undergoing SAAr were measured during whole experiment (60 min with 
15 min periods of light on and off). Strong plasma membrane electrical potential changes were observed directly after switching on and off eL. Pat-
tern of PePS changes in directly eL exposed leaves and leaves undergoing SAAr in LL are symmetric. When depolarization is observed in eL exposed 
leaves, hyperpolarization is induced in systemic leaves. Other experimental data are presented in Szechynska-Hebda and colleagues.17
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this absorbed energy in excess for optimi-
zation and training of light acclimatory 
and immune defenses.

In summary, plants solve their optimal 
light acclimation and immune defenses 
(SAAR), photosynthesis, gas exchange and 
transpiration with help of a mathemati-
cal algorithm (cellular automation)27,28 
in which input, output and processing of 
the data are all accomplished using the 
same hardware. Our experiments17 iden-
tified some parts of this hardware, which 
includes quantum-redox sensing and 
changes in PSII (e.g., changes in trans-
thylakoid ΔpH, in NPQ and redox sta-
tus of the glutathione and plastoquinone 
pools), PEPS, ROS/hormonal circuits 
and finally the cellular light memory. 
Probably, this is the most elegant system 
that evolved in complex photosynthetic 
organisms, since it uses absorbed photons 
energy in excess by some leaves to improve 
survival chances of a whole plant. Animals 
have their network of neuron synapses, 
electrophysiological and PEPS circuits 
and memory. Plants however have their 
network of chloroplasts connected by stro-
mules,30-33 electrophysiological and PEPS 
circuits transduced by bundle sheath cells 
and cellular light memory that regulates 
SAAR. Our results suggest that plants are 
intelligent organisms capable of perform-
ing a sort of thinking process (understood 
as at the same time and non-stress condi-
tions capable of performing several differ-
ent scenarios of possible future definitive 
responses), and capable of memorizing 
this training.17 Indeed leaves in the dark 
are able to not only “see” the light,8,34 
but also are able to differently remem-
ber its spectral composition and use this 
memorized information to increase their 
Darwinian fitness.17
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