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Vascular plants are integrated into coherent bodies via plant-specific
synaptic adhesion domains, action potentials (APs) and other means of
long-distance signalling running throughout the plant bodies. Plant-specific
synapses and APs are proposed to allow plants to generate their self identi-
ties having unique ways of sensing and acting as agents with their own goals
guiding their future activities. Plants move their organs with a purpose and
with obvious awareness of their surroundings and require APs to perform
and control these movements. Self-identities allow vascular plants to act
as individuals enjoying sociality via their self/non-self-recognition and kin
recognition. Flowering plants emerge as cognitive and intelligent organisms
when the major strategy is to attract and control their animal pollinators as
well as seed dispersers by providing them with food enriched with nutritive
and manipulative/addictive compounds. Their goal in interactions with
animals is manipulation for reproduction, dispersal and defence.

This article is part of the theme issue ‘Basal cognition: multicellularity,
neurons and the cognitive lens’.
1. Introduction
Plants evolved from very small and relatively simple aquatic organisms up to
most complex terrestrial vascular plants that can reach immense sizes, with
aboveground shoot lengths of up to above 100 m in the case of sequoia trees,
and attain unparalleled longevity of several thousand years when some Pinus
longaeva trees are estimated to be older than 5000 years [1]. Nevertheless,
higher plants enjoy several features that were originally considered specific
only for animals, including sexuality, immunity, self/non-self and kin recog-
nition, goal-directed behaviour based on plant-specific cognition and
communication, as well as on intelligence and sociality. These surprising
animal-like features of higher plants result from the convergent evolution of flow-
ering plants and animals [2]. For example, mammals and flowering plants
emerged some 180–130MA ago and since then have been co-evolving at several
levels. In the present paper,we are focusing on the individuality and self aspects of
vascular plants, based on plant-specific synapses, action potentials (APs) and
unique plant body organization, which allow them to act as communicative
and social organisms both aboveground and underground.
2. Duality of plants: living both aboveground and underground
Plants represent unique multicellular organisms as they not only have both
autotrophic and heterotrophic organs, tissues and cells, but they also live in
two contrasting environments: an underground pedosphere and an above-
ground atmosphere (we ignore here special situations such as aerial roots of
some epiphytes or underground shoots of some clonal plants). This dichotomy
implicates that plant organs live in two different environments: autotrophic
shoots are aboveground organs exposed to day/night cycles whereas hetero-
trophic roots live underground in darkness. Obviously, roots live in a much
more friendly and stable environment compared to shoots. Moreover, roots are
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Figure 1. Darwin’s view of the plant body. Charles Darwin proposed that
root apices represent the anterior pole of the plant body, while shoot
apices represent the posterior pole. Root apices are specialized for searching
for nutrients and water, as well as identification and avoidance of toxic and
dry soil areas. Shoot apices are specialized for the formation of lateral shoots
(organs bearing leaves), and flowers (sexual organs). As with animal bodies,
plant bodies are also polarized with two opposite poles: the cognitive
anterior pole which is responsible for the uptake of nutrients and the pos-
terior pole harbouring organs specialized for sexual reproduction and active
movements of the whole body. In comparison with animals, plants are
inverted upside-down. (Online version in colour.)
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Figure 2. The inner–outer pole organization of the plant body. The inner
pole of the plant body (shown in blue) is represented by the central cylinder
(vascular systems and their parenchymatic cells) enclosed in roots by the
endodermis (inner epidermis) and expanding through the aboveground
shoot part in the form of vascular systems and their parenchymatic cells.
The outer pole is covered by the epidermis with cuticle whereas the
inner pole is covered by the endodermis. New roots are initiated at the
endodermis/pericycle and new shoots at the epidermis. In other words,
morphogenetic tissue supporting new organogenesis is epidermis in shoots
and endodermis with pericycle (tissue layer under the endodermis) in
roots. In older plants, root and shoot epidermis, as well as the cortex (par-
enchymatic tissue filling the space between the epidermis and endodermis),
are often replaced by phellogen, which is initiated by phloem parenchyma in
shoots and pericycle in roots (not shown). In trees, phellogen produces the
bark of the tree trunks (not shown). (Online version in colour.)

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

376:20190760

2

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

27
 J

an
ua

ry
 2

02
5 
much more active in their social aspects as they engage in sev-
eral intracellular symbiotic relations, as we will discuss in
more detail below, with bacteria and fungi. Colonization of
the barren land was facilitated by these symbiotic interactions
that allowed the evolving rhizoids and roots to better exploit
the subterranean niche by transforming it into an active pedo-
sphere [3]. This upper–lower duality (figure 1) is inherently
connected to a duality of the mode of existence as the above-
ground part is autotrophic whereas the underground root
part is heterotrophic, resembling fungi and animals. There-
fore, it is perhaps not surprising that the underground roots,
more than the shoots, enter into intracellular symbiosis with
fungi and bacteria.

Importantly, a large part of the aboveground organs in
mature plants are also heterotrophic as only a subset of the
cells are photosynthetically active, primarily the mesophyll
cells of leaves. In young plants and in fast-growing shoots of
mature plants, the cortex (parenchymatic tissue between the
endodermis and epidermis) is also photosynthetic. Most epi-
dermal cells as well as all the cells of the vascular systems of
leaves and stems, andmany cells of flowers, are heterotrophic.
Altogether, a significant amount of the cells in shoots are
heterotrophic. The underground roots are completely hetero-
trophic. They provide plants with water, mineral nutrition
and hormones that allow photosynthesis and growth in
shoot cells. Vascular systems transport water and minerals
(xylem) from roots to shoots, and sucrose-based photo-
synthates (phloem) from leaves to cells of all heterotrophic
organs. Vascular systems are central for the integration of
plant bodies into physiologically coherent individualities.
3. Duality of plants: outside cortex and
epidermis versus inside vascular tissues

These inherent trophic environmental dualities are comple-
mented by the outside–inside duality of plant tissues where
both roots and shoots have internal stele tissues with their
vascular systems, covered with endodermis in the roots, and
the more peripheral cortex covered with the epidermis
(figure 2). This outer–inner polarity of the plant body is
defined not only anatomically but also physiologically [4,5].
In this conception, the outer pole is represented by epidermis
and cortex tissues of young stems and roots and later
by additional cortical tissues (cork, dilatation) as well as by
leaf mesophyll; the inner pole of the plant body is
represented by the stele including its vascular and parenchy-
matic tissues [4]. Interestingly, the root cap is part of the
outer pole in this conception and it was reported that the
root cap is the only part of the roots covered by the cuticle
[6]. Again, this outer–inner duality is also inherently connected
to the autotrophy/heterotrophy duality as photosynthesis is
accomplished mostly in cortical mesophyll cells of leaves and
many stem cortical tissues whereas other cells of the plant
body are heterotrophic. Importantly, the number of hetero-
trophic cells of any mature plant body outnumbers those of
photosynthetic cells.
4. Plant individuality: epithelial and neuronal
basis of plant body integration

The stele in roots is compact, forming a central cylinder, which
is covered with the so-called inner epidermis epithelium-like
endodermis which, together with root periphery epidermis,
act as plant-specific epithelium-like border tissues [5,7,8].
The next epithelium-like tissue is represented by xylem
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parenchyma cells lining all xylem elements in roots, shoots
and leaves. All epithelium-like tissues are characterised by
the absence of intercellular spaces between metabolically
active cells which actively control transport of water and
solutes across the plant body and within the xylem elements
throughout the plant body.

Notably, the anterior-like heterotrophic root part is special-
ized for active searching for water and mineral nutrients
while the posterior-like shoot part accomplishes photosyn-
thesis and sexual reproduction [9]. Despite their typical
modular nature [10–15], vascular plants are unitary organisms
integrated via their vascular systems which support the plant-
specific but neural-like communication via chemical, electrical
and hydraulic long-distance signalling [10,16–21].

Besides the vascular systems connecting all plant organs
into integrated unitary plant organisms, other important
integrating structures are the cell–cell adhesion domains
which organize both the epithelial and neuronal synapses in
animals [22]. As already mentioned, the epidermis is an epi-
thelium-like tissue covering both the young shoots and
roots. Intriguingly, the shoot epidermis together with under-
lying parenchymatic cells represent the morphogenic tissues
initiating lateral shoots and leaf formation. In the roots, it is
the inner skin known mostly as endodermis which joins the
underlying pericycle in lateral root formation (figure 2).
Another important difference between shoot and root organo-
genesis is that new shoots are initiated at the very shoot
apex whereas lateral root primordia are initiated behind the
primary root apex.

Yamada&Nelson [22] proposed that the cell–cell adhesion
domains in animal epithels resemble neuronal synaptic
domains via their tightly adhering adjacent cells which
allows them to generate barriers. Similarly, in plant organs,
epidermis, endodermis and vascular parenchyma cells form
epithel-like tissues due to tightly adhering cells. The plant-
specific F-actin/myosin VIII-based synapse-like cell–cell
adhesion domains in root apices, where synaptic-like
principles were first proposed and characterized some 15
years ago [23–26], are active in the unique root apex zone
known as the root apex transition zone [27,28]. However, the
plant-specific synaptic-like domains in the epidermis, endo-
dermis and pericycle, as well as the vascular parenchyma
lining vascular elements, support APs and integrate the
whole plant body into a coherent unit (figures 1 and 2),
enabling plant-specific cognition and sociality. Plant-specific
immunological and symbiotic synapses allow plants to com-
municate with their endogenous symbionts such as
Rhizobium bacteria and diverse fungi [23–26].

A strong example of the plant-specific sense of self is plant
proprioception—perception and awareness of the individual
physical self [29]. Proprioception is a term introduced by
Sherrington [30] to explain the ability of animals and
humans to actively sense their own body positions and move-
ments. In animals and humans, proprioception depends on
the communication of mechanosensory neurons distributed
throughout their bodies and is considered to be their
sixth sense [31]. All these features suggest that for a proper
understanding of cognitive aspects of plants, we need to
complement plant physiology with plant neurobiology. As
plants evolved their multicellularity independently from ani-
mals, plant proprioception clearly represents not only an
example of convergent evolution [2] but also strong support
for the plant neurobiology view of plant body organization
(figures 1 and 2). It is not surprising in this respect that roots
interconnect clonal plants, having the same genome, into
physiologically integrated higher-order individuality [32,33];
as well as symbiotic arbuscular mycorrhiza fungal hyphae
connect to the root apices of different plant species to
form huge integrated supraorganismal networks known as
wood-wide-webs [3]. Moreover, it is known that supra-
organismal root networks are also generated via natural root
grafts [34].
5. Vascular systems integrate plant bodies into a
coherent and unitary whole

In vascular plants having roots undergroundand shoots above-
ground, supracellular systems integrating thewhole plant body
into a coherent unit are represented by vascular systems com-
posed of vascular elements of xylem and phloem that are
embedded within the vascular parenchyma. Although these
vascular systems are studied mostly with respect to transport
of solutes, minerals, hormones and other signals, as well as
photosynthates, it is well known that vascular systems also
allow rapid long-distance signalling and communication via
electric, hydraulic and ROS/calcium waves [18–21,35–38].
The phloem is especially relevant in this respect as it is one
huge and ramified cable-like compartment spanning the
whole plant body, connecting all plant organs into one unified
huge axon-like super-cell [39]. Intriguingly in this respect,
phloem tubes provide a low-resistance medium allowing
rapid spreading of plant-specific AP throughout the plant
body [20,36–38,40]. This rapid electric signalling integrates
the whole plant body into physiological and cognitive unity,
allowing vascular plants to act as individualities having both
plant-specific agency and cognition.

We are not discussing plasmodesmata here, due to the
tight space limitation, but these plant-specific direct cell–cell
channels are very relevant for integrating plant tissues and
organs into coherent plant bodies. They contribute to the
spreading of plant-specific APs through the whole plant
body. In contrast with APs in animals and humans, plant
APs are not based on sodium ions, which are toxic to the
pectinic plant cell walls [41,42], but on calcium ions [43,44].
Nevertheless, APs in plants and animals have similar bio-
electrical, cellular and communicative features and both
evolved from very ancient membrane repair processes of
early eukaryotic cells [45–48].
6. Invasive vascular systems and pollen tubes
show neuronal features

A unique feature of plant vascular systems is that, besides
roles in transport and long-distance signalling and communi-
cation, they also self-organize into networks and generate
new wiring and connections during wound healing and
plant grafting. They show very high flexibility and adapta-
bility during organogenesis. For example, below developing
new shoot and leaf primordia, firstly young procambial
cells are generated, from which new vascular veins form
docking into the main stem vasculature [10,16,49]. When vas-
cular systems are cut during wounding, they regain vascular
continuity via redifferetiation of parenchymatic cells into new
xylem and phloem elements to repair the damage [10,16,17].
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Auxin acts as the main player in this vascular self-organizing
patterning and morphogenesis [10,16,49–51].

In contrast with restrictive compatibilities in grafting, para-
sitic plants can effectively overcome compatibility barriers, but
the processes and factors behind the success of parasitic plants
remain elusive [51]. Parasitic plants use their invasive organ,
known as a haustorium, to locate and connect to host plant vas-
cular systems. Intriguingly, vascular systems are also acting
invasively when they invade nodules induced by symbiotic
Rhizobium bacteria in roots or tumours induced byAgrobacteria
in stems [51,52]. Moreover, there are several examples
of intrusive plant cells, analogous to growing neurons [53,54].
For instance, pollen tubes grow invasively within the pistil tis-
sues and their tip-growth not only resembles neuronal axons
cytologically [55], but their growth is also controlled via neuro-
transmitter-like signallingwhen bothGABAand glutamate are
involved [56–59]. This neurotransmitter-based pollen tube
guidance towards the ovules, which are protected by the
embryo sac that is located deep within the maternal pistil tis-
sues, is preceded by rapid electric signalling. Plant APs are
initiated by pollen grains landing on the receptive stigma,
alerting the embryo sac in advance about germinating pollen
grains [60–62].
 760
7. Fundamental differences between root and
shoot organogenesis

Although auxin plays a central role in both shoot and root
organogenesis, there are fundamental differences. Most pro-
minently, while new leaves are initiated exogenously at the
shoot periphery, new roots are initiated endogenously at the
stele periphery. Moreover, while shoot apex morphogenesis
is accomplished via a stereotypic and regular phyllotactic pat-
tern starting at the very tip of the shoot apex, new root
primordia form far from the root tip where cell growth in
the primary root has already stopped [18]. Although founder
cells for prospective lateral root primordia are already primed
at the root apex transition/oscillatory zone [27,28], their fate
depends largely on environmental factors, which allows
fundamental flexibility and plasticity of root systems [63].
Similarly, the cambial meristem, forming the secondary vascu-
lar systems in dicotyledonous plants, is regulated not only via
endogenous signals but also via environmental factors allow-
ing flexible control of trees, especially their sizes and forms,
according to the environmental context [64]. Importantly, all
the meristems of plant bodies are integrated together into
functional unities [65]. Nevertheless, some secondary meris-
tems, especially the cambium and phellogen, often retain
partial autonomy in small branches and branch tips.

Root branching plasticity allows roots to accomplish
foraging behaviour which is critical in their difficult task of
finding water and mineral nutrition [65–67]. In the root
foraging behaviour, root apices continually evaluate, in a con-
text-dependent manner, the amount of nutrients and integrate
this information in dependency of their neighbouring plants
[68]. In other words, root apices make their decisions [69] in
order to secure relevant resources in soils that have patchy
distributions of nutrients [70]. This is the main reason that
root apex organogenesis, in contrast with shoot organogen-
esis, is developmentally postponed and depends more on
the local environmental situation [68]. Importantly, root fora-
ging behaviour is affected by damage to shoot organs [67],
implying shoot–root communication via the vascular
systems is involved in both root organogenesis and root
apex foraging decisions.
8. The root apex as a brain-like command centre
Charles and Francis Darwinwere the first scientists to appreci-
ate the crucial role of the root apices in the life of plants [71].
Their book The Power of Movements in Plants ends with a final
paragraph in which they conclude that the root apex acts as
the brain of lower animals. Using precise microsurgery exper-
iments, they reported that the intact root cap is essential for
diverse root apex tropisms but not for root growth per se
[27,28,71]. Importantly, several aspects and features of cells
in the root apex transition zone correspond to the Darwinian
brain-like organ. These include synaptic-like cell–cell
communication based on plant-specific F-actin/myosin VIII-
based vesicle recycling, high electric/spiking activities, a
peak in the oxygen consumption related to synaptic-like
activities, and oscillatory features in the plasma membrane
transport and gene expression activities [23,27,28]. The root
apex transition zone also decides about root tropisms; a differ-
ential release of cells from the transition zone into the rapid
elongation region is responsible for the first root apex bending
zone [27,28]. Root apex organogenesis is based on the oscil-
latory processes and patterning [72,73], which resemble
somite segment formation in vertebrates [73]. The root apex
brain-like decision-making centre also integrates environ-
mental signals into root system plasticity [74] and dormancy
decisions [75].
9. Self-incompatibility in sexual reproduction,
immunity and symbiosis

Besides the already mentioned need for compatibility during
plant grafting and parasitic interactions [51], there are several
other examples of plant self-recognition either during sexual
reproduction or during pathogen defence via plant immu-
nity. In sexual self-incompatibility, plants reject self-pollen
to promote outcrossing and to prevent or reduce inbreeding
[76,77]. The sporophytic self/non-self pollen grain recog-
nition is typically accomplished via the stigma papilla cells
which represent the first entry point of germinating pollen
tubes into maternal tissues of the pistil. Pollen self/non-self
recognition is accomplished via integrated signalling
pathways based on diverse peptides, receptors, cytoskeletal
systems, calcium and ROS signalling [76,77]. Besides these
early self-incompatibility events at the stigma papilla, there
are also late-acting mechanisms of plant reproductive bar-
riers which are not well understood yet. Invasion of pistil
tissues via pollen tubes resembles fungal invasion and it is
perhaps relevant in this respect that sexual self-incompatibil-
ity might have evolutionary origins in fungal invasions of
ancient plants [78]. Intriguingly in this respect, MILDEW
RESISTANCE LOCUS O (MLO) controls both AM fungal
invasion of roots and pollen tube reception in delivery of
sperm cells to the embryo sac [79,80]. Moreover, MLO is
recruited to and polarized towards the fungal penetration
sites [81].

The best example of plant awareness of their biotic
environment via self-sense is the recognition of intrusive
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growth, for instance, of fibres as self [54], as well as in the
ability of plants to rapidly detect and effectively fight viral,
microbial and fungal invaders and pathogens via their
plant-specific innate immunity [82,83]. Surprisingly, the
plant innate immune systems rely on similar receptor pro-
teins as those of the animal and human innate immune
systems [26,84,85]. However, the damaged-self recognition
has an ancient cellular basis as animal and plant cells are
continuously monitoring both their structural and functio-
nal integrities and mount immediate responses if problems
are detected [84]. Interestingly, receptors involved in plant
innate immunity resemble those that are relevant for symbio-
sis [86]. This reflects the probable evolutionary origin of
symbiosis from infections at the organismal evolution level
[24], as is similarly the case at the cellular level [87].

The aboveground young plant body integrity is also sup-
ported via the outermost non-cellular layer known as the
cuticle. This protective layer is composed of the lipid polymer
cutine and of diverse waxes, forming a complex hydrophobic
polymer mixture [88] protecting shoots from water loss, UV
irradiation and pathogen attacks [89,90]. Although roots are
considered to be devoid of cuticle, a recent study discovered
that the Arabidopsis root cap is covered by a cuticle layer [6].
Moreover, the Arabidopsis embryo is also covered by a cuticle,
starting with the torpedo stage of embryo development
[91,92].
10. Self/non-self recognition, kin recognition and
mimicry

Plants apply their plant-specific self-sense also at the higher
organ and organismal levels. Although it is still a mystery
how the above-discussed cellular levels of self generate the
higher levels of self also in animals and humans, plants
obviously are capable of this feature too. It can be specu-
lated that the vascular systems discussed above, with their
neuronal-like features, are relevant in this respect. It is
well known that plants integrate information about the
biotic and abiotic location in which they grow, with a par-
ticular interest in the identity of their neighbours [93]. The
first reports on self/non-self recognition in plants were pub-
lished by Ariel Novoplansky and his co-workers working on
roots of Pisum sativum [94] and Buchloe dactyloide [95]. Later,
they confirmed their results also for roots of Trifolium repens
[96]. Interestingly, self-sense of roots is based on their root
apex exudation of a specific chemical finger-prints [95]
which allows them to effectively recognize neighbour
roots, if they belong to the same plant, another plant of
the same species, or another plant of a different species, as
well as other organisms or even objects in their vicinity.
Plants live in a very competitive environment when mineral
nutrition is present in limited and not easily reached soil
patches, forcing roots into fierce plant–plant competition
[97–99]. The presence of belowground competitors also
alerts their aboveground organs [100–103]. Importantly, plant
self-recognition is relevant for both plant communication
and defence [104].

Self/non-self recognition is also typical of andwell charac-
terized in shoot tendrils, which are associated with the
climbing habit of many vascular plants [104–106]. The climb-
ing habit evolved several times in the evolutionary history
of flowering plants and is supported via several different
organs, including tendrils performing helical movements,
which had already attracted the interest of Charles Darwin
who published The Movements and Habits of Climbing Plants
in 1875 [107]. For example, tendrils of the perennial vine
Cayratia japonica exhibit self-recognition that allows them to
coordinate their coiling responses [108]. Later, this self/non-
self recognition in tendrils was also reported for other plants
[109]. As is the case with root apices, the shoot tendrils also
use their chemical sense for this self-discrimination [110]. Ten-
drils of the vine C. japonica were reported to be able to
recognize and to avoid host plants when these were plagued
with spider mites [111]. Interestingly, there are very intriguing
similarities between root and tendril behaviour where both
roots and tendrils possess two coordinating bending zones
allowing them much more flexible movements than other
plant organs. In maize roots, this is recognizable as root
apex crawling behaviour [112–115], while tendrils showhelical
coiling-based growth allowing them to twist around host
plants [104,107]. Intriguingly, auxin controls both root
crawling and tendril coiling [112,114,116].

Besides the self/non-self recognition, socially and cogni-
tively active plants also enjoy kin recognition [117,118].
Interestingly, plant-specific kin recognition can also be
mediated via root exudation [119]. Kin recognition controls
new root allocation within root systems in correlation
with the distribution and acquisition of nutrients [120,121].
More recently, plant kin recognition was reported in rice
and it was shown to have relevance for crop production
and grain yields. Non-kin neighbour rice plants invest more
photosynthates to their root systems and less in shoots and
grains [112,122]. Plant kin recognition is emerging as an
important phenomenon for commercial agriculture to control
crop productivity.

Plants can also recognize kin plants via shoots using
photoreceptors [123,124]. Intriguingly, kin recognition also
allows plant to control attraction of pollinators to their flow-
ers [125]. Whether this is accomplished via root exudates or
light-sensing photoreceptors is not known. But there is one
example where kin recognition in roots is related to plant
sexual organs. In Populus cathayana trees, it was shown
that the recognition of the sexual identity of plant neigh-
bours is mediated via their root systems [126]. As with
the root-mediated and exudate-based plant kin recognition,
the shoot-mediated and photoreceptor-based plant recog-
nition also plays roles in productivity as those plants
which interact with their kin also produce more seeds
[123,124].

Plant mimicry is typically explained via classical plant
physiology and ecology concepts [127], not involving active
sensory manipulation of interacting partners via plant cogni-
tion. But there are examples where this approach is unable to
explain all the complexities and nuances of these phenomena.
For example, thewoody vine Boquila trifoliata, from the rainfor-
est of South America, is capable of mimicking shapes, size,
colours and texture of up to three different host plants [128].
We have proposed that the ocelli concept of Gottlieb Haber-
landt would be applicable here as it is almost impossible to
explain mimicking of so many parameters without some
kind of vision [129,130]. It should be not so surprising to
have vision-supporting ocelli in vascular plants as eye-like
ocelloids are involved in rudimentary vision of unicellular
algae [131,132]. Otherwise, delicate chemical sensing should
be involved.
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11. Sociality of vascular plants via roots and
arbuscular mycorhizal fungal networks

According to the Darwinian view of the plant body organiz-
ation, the root apices are acting as the nutritional and
cognitive pole whereas the shoot apices are responsible for
the generation of sexual (flowers) and support (photosynthetic
leaves) plant organs (figure 1, [71]). Numerous discoveries and
findings support the Darwinian view of roots as acting in a
social and cognitive manner [9,94–99,133–136] controlling
numerous microorganisms in the rhizosphere via chemical
inter-kingdom communication and entering into symbioses
with fungi and bacteria [3,137–140]. By contrast, shoots are
not enjoying such a symbiotic social life based on direct intra-
cellular organism–organism connections [23–25], although
the phylosphere is also abundant with plant-supporting fungi
and microorganisms. Vascular plants form root–fungal net-
works [141] not only for nutrition and water [142,143] but
also for information exchange [144–147]). Moreover, clonal
plants are integrated via their root systems too, which allows
them to act in an intelligentmanner [33,34]. Besides the symbio-
tic networks with arbuscular mycorrhiza fungi, plant roots are
also often interconnected via natural root grafts [34]. Finally, it
should not be surprising to have sociality in plants and trees as
unicellular amoebae also have a rich social life [148].
12. Outlook
Although many still consider plants as semi-living automata
[149,150], evidence that vascular plants are cognitive, com-
municative and intelligent organisms is accumulating and
new data are overwhelming [3,75,151–156].

For example, consider the classical model object
Arabidopsis thaliana. For more than 50 years, young seedlings
of this plant have been cultivated in our laboratories within
transparent Petri dishes where roots, which outside in
nature grow underground in darkness, are exposed to light
[157,158]. Arabidopsis roots grow fast when illuminated, and
this feature is evaluated as a good growth condition. However,
the plant neurobiology perspective, which considers plants as
cognitive organisms, implicates that such light-exposed roots
of young seedlings are stressed and they try to avoid exposure
to light via light-escape tropism [159,160]. This is a clear
example that the plant neurobiology view is both relevant
and important for our understanding of living plants [3,18]
in their whole complexity.
In contrast with animals and humans, plants are not only
inverted (figures 1 and 2) but also rely on distributed control
with from a single to several thousands of root apices accom-
plishing collective decision-making [3], a feature which allows
them to act very robustly and to survive even though the plant
cannot move itself as a whole [3,9–15,161–163].

Importantly, plants are sensitive to anaesthetics and they
fail to move under anaesthesia [164–167]. This sensitivity to
anaesthetics is very strong evidence that plants are enjoying
similar life to animals and humans. There are numerous
examples where plants manipulate animals for their own
needs [168–172], suggesting that social aspects of vascular
plants are largely underestimated.

Finally, considering plants as cognitive organisms following
their ownplant-specific aims, goals, objectives and interests, it is
also necessary to re-consider our human relationships with
plants. The classical interpretation of plant domestication still
is: an intentional process driven byour human needs.However,
plant domestication instead emerges in certain cases as the coe-
volution between twopartners profiting in their ownways from
this partnership [173–175]. Ancient humans teamed-up with
their crop plants and entered into the sedentary lifestyle
which allowed them to organize large religious societies imple-
menting private property and moralistic gods [176–179].
Cultivation of crop plants in dense monocultures resulted in
larger grains via plant-specific kin recognition [122–124,180].
The weed plants growing within the population of crop plants
mimic these crop plants via Vavilovian mimicry [127,169].
This baffling ability of weed plants to mimic crop plants
seems to suggest that these weed plants are somehow aware
of advantages that the crop plants get from having humans as
their seed dispersers. The question recently posed by Daniel
Chamovitz What a Plant Knows? [181] is given a new
dimension in this respect. As our survival on planet Earth is
completely dependent on plants [3], we should change our atti-
tude to plants and start to study them as cognitive and
intelligent organisms [182] endowed with lots of behavioural
and cognitive competencies.
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