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Tendrils are clasping structures used by climbing plants to anchor and support their vines that coil
around suitable hosts to achieve the greatest exposure to sunlight. Although recent evidence suggests
that climbing plants are able to sense the presence of a potential stimulus in the environment and to plan
the tendrils’ movements depending on properties such as its thickness, the mechanisms underlying
thickness sensing in climbing plants have yet to be uncovered. The current research set out to use three-
dimensional kinematical analysis to investigate if and in what way the root system contributed to thick-
ness sensing. Experiment 1 was designed to confirm that the movement of the tendrils of pea plants
(Pisum sativum L.) is planned and controlled on the basis of stimulus thickness when the stimulus is
inserted into the substrate. Experiment 2 was designed to investigate what happens when the stimulus is
lifted to the ground so as to impede the root system from sensing it. The results confirmed that tendrils’
kinematics depend on thickness when the stimulus is available to the root system but not when it is
unavailable to it. These findings suggest that the root system plays a pivotal role in sensing the presence
and the thickness of a stimulus and that the information perceived affects the planning and the execution
of the climbing plants’ reach-to-grasp movements.
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Scientists have long been intrigued by the specialized adaptations
of climbing plants that enable them to compete for necessary
resources such as sunlight (Niklas, 2011). Charles Darwin (1875)
first categorized climbing plants depending on their mode of attach-
ment that can be classified as twining, hook and leaf-bearing, ten-
dril-bearing, and root climbing. Climbing plants, in fact, employ a
diversity of strategies to make use of trees, bluffs, and even human-
created vertical structures to seek the way to the greatest amount of
sunlight.

The study of climbing plant behavior is based on Darwin’s
observations on the oscillatory movements of exploring stems and
tendrils (i.e., circumnutation; Darwin, 1875). Since Darwin’s time,
a plethora of studies have investigated the underlying mechanisms
of the stimulus searching and attachment behaviors of climbing
plants at the anatomical (Tronchet, 1945, 1946), biomechanical
(Gerbode et al., 2012; Putz & Holbrook, 1992), physiological
(Bauer et al., 2011; Jaffe & Galston, 1968; Stolarz, 2009), and cel-
lular (Bowling & Vaughn, 2009; Weiler et al., 1993) levels.
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Despite the prolonged fascination with climbing plants, we
know surprisingly little about how climbers make “decisions” with
regard to stimulus searching and attachment behaviors. When Dar-
win (1875) conducted simple experiments indoors, he noted that
vines are not only able to locate their supports and grow toward
them but can even show aversion toward some of them. He first
described this effect with regard to Bignonia capreolata L. tendrils
that initially seized and then let go of sticks that were inappropri-
ate in terms of size (Darwin, 1875). Darwin (1875) also observed
that when the B. capreolata L. tendrils came into contact with a
stimulus (i.e., a stick), they were able to bend and curl around it.
If, instead, because of its thickness or excessive smoothness a
stimulus was perceived as “inadequate,” after initially seizing it,
the tendrils let go of it. A similar phenomenon was observed when
herbaceous twining vines came into contact with a very thick
trunk. Instead of winding around the tree trunk, they wound
around themselves. As far as annual vines were concerned, Darwin
(1875) commented that, independently of diameter constraints, it
would have been maladaptive for the vines to wrap around thick,
hence large, trees, as they would improbably reach higher light
levels by the end of the growing season.
The cases cited above provide a degree of support to speculative

claims that some climbing plants are able to modify their circum-
nutation patterns to a greater or lesser extent depending on features
of the stimulus targets with respect to what would be expected by
chance movement (Raja et al., 2020; Tronchet, 1946, 1977). Ex-
perimental evidence demonstrating that this might indeed be the
case has been forthcoming from recent studies that used kinematic
analysis to characterize the movements of the tendrils of pea plants
(Pisum sativum L.) that appeared to be modulated depending on
the features of the stimulus (Ceccarini et al., 2020, 2021; Guerra et
al., 2019; for a review, see Castiello, 2021). Guerra and colleagues
(2019), for example, recently demonstrated that pea plants (P. sati-
vum L.) are able to perceive a stimulus and to modulate the kine-
matics of the tendrils’ aperture depending on its thickness. The
aperture of the tendrils refers to the maximum distance between
the tips of two tendrils reached during movements leaning toward
a stimulus. The average and the maximum velocity of the tendrils
were found to be higher for thinner stimuli compared with thicker
ones. In temporal terms, it took more time for the tendrils to reach
peak velocity and maximum aperture, calculated as percentages of
the movement’s duration, when the stimuli were thinner. Likewise,
the maximum distance between the tendrils was significantly
greater for the thinner with respect to thicker stimuli (Guerra et al.,
2019).
Another study has moreover provided evidence indicating that

the movement of pea plants (P. sativum L.) obeys the speed–accur-
acy trade-off (Woodworth, 1899) principle. Speed–accuracy trade-
off is a property of aimed movements present in a wide range of
species, from insects to primates (Chittka et al., 2009). Studies
investigating the revolving movement of the tips of the shoots of
climbing plants reaching to grasp a stimulus found that pea plants
(P. sativum L.) are able to process the properties of the stimulus
even before any above-ground organ of the plant (e.g., tendrils,
apex) makes mechanical contact with the stimulus, and, just as ani-
mals, they are able to modulate movement velocity strategically
depending on the difficulty of the task at hand. One study recently
reported that the average and the maximum tendril velocities were
faster when the plants needed to reach and grasp a thinner rather

than a thicker stimulus (Ceccarini et al., 2020). These results are in
line with previous evidence highlighting the “preference” of climb-
ing plants for thinner over thicker stimuli (Carrasco-Urra & Gianoli,
2009; Darwin, 1875; Goriely & Neukirch, 2006; Putz & Holbrook,
1992). Reaching to grasp thick stimuli (i.e., those with larger diam-
eters) is usually considered more “difficult” because it is more
energy consuming compared with grasping thinner ones. In fact, it
implies that the plant not only needs to increase the length of its ten-
drils to efficiently wrap itself around the stimulus (Rowe et al.,
2006) but also has to strengthen tensional forces to counteract grav-
ity (Gianoli, 2015; Sousa-Baena et al., 2021).

The hypothesis that climbing plants may have evolved a growth
accuracy mechanism to improve the precision of their movement
and if/how it may differ from the one used by animals has also
been investigated (Ceccarini et al., 2021). This study results dem-
onstrated that plants correct their movement in flight and strategi-
cally increase the production of secondary submovements when
the task requires more accuracy, just as human beings do (Meyer
et al., 1988; Novak et al., 2002). Altogether these findings indicate
that plants are capable of extracting the “graspable” properties of
the stimulus that permits them to select the most opportune move-
ment and behavior to reach more light. In other words, plants have
a tendency for tendril movement speed to covary with tendril
movement accuracy (Ceccarini et al., 2020, 2021), something that
would point in the direction of higher level processing. Climbing
plants seem to plan actions in terms of their perceivable conse-
quences such as selecting, planning, and initiating, suggesting that
such activities are mediated by action–effect anticipations (Calvo
& Friston, 2017). This leads to the hypothesis that plants may be
endowed with purposeful, anticipatory behavior.

The mechanisms underlying thickness coding by plants remain
obscure (Ceccarini et al., 2020, 2021; Guerra et al., 2019). A vari-
ety of hypotheses based on plants’ exceptional perception abilities
have been put forward. Some recent reports have, for example,
demonstrated that proprioception in plants is mediated by the long
actin filaments in elongating fiber cells, which, acting as a bending
tensile sensor, perceive the plant’s posture (Hamant & Moulia,
2016). These findings have been corroborated by studies on Arabi-
dopsis mutants defective in actins (specifically ACTIN-8), which
exhibit peculiar reactions, such as hyperbending and sustained
oscillations of the stem in response to gravity, tilting, or other
external perturbations (e.g., light stimuli; Okamoto et al., 2015).
Proprioception may allow climbing plants to perceive the position
of their tendrils and contribute to generating the necessary feed-
back information required for adjusting their aperture to the stimu-
lus’ thickness. In addition to proprioception, plants have at their
disposal a great variety of other sensory modalities (Karban,
2015), including vision (Crepy & Casal, 2015), acoustic percep-
tion (Gagliano et al., 2012), and chemosensory perception (Wei-
denhamer, 2016).

To begin with, climbing plants seem to have evolved a plant-spe-
cific vision system that processes the intrinsic and extrinsic propri-
eties of the stimulus. The findings of several studies suggest that the
upper and subepidermis parts of a leaf comprise cells acting as
ocelli, eye-like structures, allowing plants to gather visual informa-
tion about their environment (Baluška & Mancuso, 2016). Support
for this concept has been produced by studies investigating Boquilla
trifoliolata (Carrasco-Urra & Gianoli, 2009), which modifies the
appearance of its leaves according to the host plant and perfectly
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mimics the colors, shapes, sizes, orientations, and petiole lengths of
the leaves. Crucially, the plant leaf mimicry occurs even without
direct contact between the Boquilla trifoliolata vine and the host
tree it is mimicking, a finding that supports the idea that plants are
capable not only of sensing but also of decoding visual inputs (Car-
rasco-Urra & Gianoli, 2009). Given these visual capabilities, plants
may correct the trajectory of their tendrils using visual information.
Plants can also use echolocation to acquire information about a

stimulus. Recent reports have, in fact, shown that plants gain infor-
mation about their surroundings by emitting sonic clicks and per-
ceiving the returning echoes (Gagliano et al., 2012). This bio
sonar presumably provides information about the stimulus’ posi-
tion and directs the tendrils toward the object to be grasped.
Finally, plants may acquire information about the stimulus using
chemoreception of volatiles. It is well known that plants release
airborne chemicals that can convey ecologically relevant informa-
tion about the stimuli with which they are interacting (Karban,
2015). Some parasitic plants, such as the Cuscuta pentagona
Engelm, for example, localize host plants via airborne chemicals
(Runyon et al., 2006).
Although these sensory mechanisms are all concerned with the

aerial sector of plants, the roots and in particular their extreme tip
(i.e., root cap) may also be involved in thickness sensing. The cap
seems to be able to respond to numerous signals (e.g., gravity,
touch, humidity), assess them, and dynamically control the direc-
tion of root growth (Hammond & White, 2011; Trewavas, 2017).
Root caps, which make up a large part of a plant’s body, are inter-
connected via vascular strands with their polarly transported auxin.
A great deal of plant decision-making can be ascribed to the root
cap system (Baluška et al., 2004, 2009). Consider the highly so-
phisticated responses of roots, such as gravitropisms and thigmo-
tropism (Baluška et al., 2007; Braam, 2005). Roots, for instance,
stop developing downward when they encounter a physical obsta-
cle and instead begin to grow horizontally. Roots seem to be able
to respond to stimuli and periodically try to move downward,
remaining horizontal if unable to respond gravitropically (Massa
& Gilroy, 2003).
Roots have also shown salt-avoidance behavior (Li & Zhang,

2008). As salinity interacts with the gravitropic response of shoots,
plants are forced to assess the overall integrated signal to optimize
shoot growth under abnormal saline conditions. It has been
reported that phenotypic plasticity is the result of overall signal
integration and not of a fixed graviresponse (Barlow, 2010; Trewa-
vas, 2005).
It is however still unknown that signals are chiefly involved in

obstacle perception, although the touch sensor is the most likely
candidate given its immediate physical interaction with the obsta-
cle. It is also unknown which component(s) or organelles in the
root cells are utilized to perceive a mechanical force, and how they
convert a physical touch signal to the auxin system. Auxins are a
class of plant hormones that play a cardinal role in coordinating
many growth and behavioral processes in plant life cycles and are
essential for plant body development. There is also evidence that
obstacle avoidance may rely on root exudates, the cocktail of com-
pounds that are secreted by roots, at the root cap (Semchenko et
al., 2008). Root recognition and navigation around physical
obstacles is in fact prevented when activated charcoal, which
absorbs many compounds, is inserted into the substrate (Mahall &
Callaway, 1992).

In the light of all of these considerations, the research question
addressed by the current study is: Are roots able to sense the thick-
ness of a potentially available stimulus?

To test this, following in the footsteps of our previous studies
(Ceccarini et al., 2020, 2021; Guerra et al., 2019), we performed
two experiments in which kinematics was used to characterize the
movement of circumnutation of the tendrils of a climbing plant
(P. sativum L.) as they approach a stimulus. In Experiment 1, we
set out to replicate the kinematical effects observed when stimuli
of different thicknesses are available to the root system (Ceccarini
et al., 2020, 2021; Guerra et al., 2019). One group of plants was
tested with a “Thick” stimulus (3 cm diameter); another with a
“Thin” one (1.2 cm diameter). In line with previous findings
(Guerra et al., 2019), we expected the peaks of the average and
maximum velocities of the tendrils to be higher for the thinner
stimulus with respect to the thicker ones and the times it took the
tendrils to reach the peak velocity and the maximum aperture to be
later for the thinner with respect to the thicker ones. Finally, we
expected the maximum distance between the tendrils to be signifi-
cantly greater for the thinner with respect to the thicker stimuli.
Experiment 2 was a replication of Experiment 1 except that the
stimulus was lifted to the ground by means of an ad hoc apparatus.
This manipulation allowed investigating the pattern of tendrils
movement when the stimulus is unavailable to the root system.
We hypothesized that (a) if the root system plays a pivotal role in
determining tendril shaping during growth, then kinematical scal-
ing of the velocity and aperture of the tendrils depending on the
thickness of a stimulus is affected when the stimulus is not in the
ground because that information is not available to the root sys-
tem; (b) if the root system does not play a pivotal role in determin-
ing the tendril shaping during growth, then the kinematical scaling
depending on the thickness of a stimulus should take place even in
the case in which the stimulus in unavailable to the root system as
thickness information could be coded by an aerial component of
the plants (e.g., tendrils or the apex).

Materials and Method

Subjects

Ten and 21 snow peas (P. sativum var. saccharatum cv Carouby
de Maussane) were chosen as the study plants for the Experiments
1 and 2, respectively (see Table 1). Healthy-looking pea seeds
were selected, potted, and kept at the conditions outlined below.
The plants were randomly assigned to the two experimental
conditions.

Stimuli

For Experiment 1, the stimuli were 60 cm in height wooden
poles, either with a 3 cm diameter (the “thick” stimulus) or with a
1.2 cm diameter (the “thin” stimulus; Figure 1a). For Experiment
2, the very same stimuli were used, but they were lifted to the
ground by means of an ad hoc apparatus (Figure 1b). For both
experiments the stimulus was positioned at a distance of 12 cm
from the plant’s first unifoliate leaf (see Figure 1).
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Germination and Growth Conditions

Cylindrical pots (D 30 cm height 14 cm) were filled with silica
sand (type 16SS, dimension .8/1.2 mm, weight 1.4). At the begin-
ning of each experiment, the pots were watered and fertilized
using a half-strength solution culture (Murashige and Skoog Basal
Salt Micronutriment Solution; 103, liquid, plant cell culture
tested; Sigma Life Science). The pots were then watered with tap
water as needed 3 times a week. One seed per pot was placed at a
distance of 8 cm from the pot’s border and sowed at a depth of 2.5
cm. Each pot was then enclosed in growth chamber (Cultibox SG

combi 80 3 80 3 160 cm) so that the seeds could germinate and
grow in controlled environmental conditions. The chamber air
temperature was set at 26°C; the extractor fan was equipped with a
thermo-regulator (TT125; 125 mm diameter; max 280 MC/H
vents) and there was an input-ventilation fan (Blauberg Tubo
100–102 m3/h). The two-fan combination allowed for a steady air
flow rate into the growth chamber with a mean air residence time
of 60 s. The fan was placed so that air movement did not affect the
plants’ movements. Plants were grown with an 11.25-hr photoper-
iod (5.45 a.m. to 5 p.m.) under a cool white led lamp (V-TAC
innovative LED lighting, VT-911-100W, Des Moines, IA, USA or

Table 1
Sample Description

Stimulus Thick Thin

Experiment 1
No. 5 5
Distance 12 cm 12 cm
Germination period 6 d (61.6; range 5–10) 6 d (60.4; range 4–6)
Age 22 d (61.4; range 19–23) 15 d (63.2; range 14–26)

Experiment 2
Stimulus Thick Thin
No. 10 11
Distance 12 cm 12 cm
Germination period 5.5 d (61.5; range 4–9) 6 d (61; range 4–8)
Age 19.5 d (66; range 11–31) 18 d (64; range 14–37)

Note. Germination period and age, which are expressed in days, refer to the median, whereas median absolute devia-
tion is noted in parentheses.

Figure 1
Graphical Representation Shows the Setup for (a) Experiment 1 and (b) Experiment 2

Note. For Experiment 2, the stimulus is raised above ground. See the online article for the color version of this figure.

4 GUERRA ET AL.

T
hi
s
do
cu
m
en
ti
s
co
py
ri
gh
te
d
by

th
e
A
m
er
ic
an

Ps
yc
ho
lo
gi
ca
lA

ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le
is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al
us
e
of

th
e
in
di
vi
du
al
us
er

an
d
is
no
tt
o
be

di
ss
em

in
at
ed

br
oa
dl
y.



100W Samsung UFO 145 lm/W—LIFUD) that was positioned 50
cm above each seedling. Photosynthetic Photon Flux Density at 50
cm under the lamp in correspondence of the seedling was 350
mmolph m�2 s�1 (quantum sensor LI-190R, Lincoln, NE, USA).
Reflective Mylar film of chamber walls allowed for better uni-
formity in light distribution. The experimental methodology was
applied to the single plants that were grown individually in a
growing chamber.

Video Recording and Data Analysis

For each growth chamber, a pair of RGB-infrared cameras (i.e.,
IP 2.1 Mpx outdoor varifocal IR 1080P) were placed 110 cm
above the ground, spaced at a distance of 45 cm to record stereo
images of the plant. The cameras were connected via Ethernet
cables to a 10-port wireless router (i.e., D-link Dsr-250n) con-
nected via Wi-Fi to a PC and the frame acquisition and saving pro-
cess were controlled by CamRecorder software (Ab.Acus s.r.l.,
Milan, Italy). To maximize the contrast between the peas’ anatom-
ical landmarks (e.g., the tendrils) and the background, black felt
velvet was fixed on some sectors of the walls of the boxes and the
wooden stimuli were darkened with charcoal. The intrinsic, extrin-
sic, and the lens distortion parameters of each camera were esti-
mated using a Matlab Camera Calibrator app. Depth extraction
from the single images was carried out by taking 20 pictures of a
chessboard (squares’ side 18 mm, 10 columns, seven rows) from
multiple angles and distances in natural nondirect light conditions.
For stereo calibration, the same chessboard used for the single
camera calibration process was placed in the middle of the growth
chamber. The photos were then taken by the two cameras to
extract the stereo calibration parameters. In accordance with the
experimental protocol, a frame was synchronously acquired every
3 min (frequency .0056 Hz) by the cameras. An ad hoc software
(Ab.Acus s.r.l., Milan, Italy) developed by Matlab was used to
position the markers, track their position frame-by-frame on the
images acquired by the two cameras to reconstruct the three-
dimensional trajectory of each marker.
The tendrils developing from the selected node were studied. In

those cases in which the plant grasped the stimulus, the coiled leaf
was analyzed. When no grasping occurred, the first node, counting
from the bottom of the plant, characterized by two or three tendrils
was examined. The initial frame was defined as the frame in which
the tendrils of the considered leaf were visible from the apex. The
end of plant movement was defined as the frame in which the ten-
drils of the leaf started to coil around the stimulus or a frame in
which the tendrils remained apart. The markers on the anatomical
landmarks of interest, namely the apex, the node below the ten-
drils, and the tips of the tendrils were inserted posthoc (see Figure
2). The markers were also positioned on the stimulus (i.e., on both
the lowest and the highest point of the stimulus), the bottom of the
stem, the second leaf and the internode as reference points.
The tracking procedures were at first performed automatically

throughout the time course of the movement sequence using the
Kanade–Lucas–Tomasi algorithm on the frames acquired by each
camera, after distortion removal. The tracking was manually veri-
fied by the experimenter, who checked the position of the markers
frame-by-frame. The three-dimensional trajectory of each tracked
marker was computed by triangulating the two-dimensional trajec-
tories obtained from the two cameras (Figure 2b and 2c). The

dependent variables specifically tailored to test our experimental
hypothesis on the basis of previous evidence (Guerra et al., 2019)
were: (a) the spatial trajectories of the landmarks considered; (b)
the average and the maximum velocity of the tendrils during cir-
cumnutation; (c) the time it took for maximum tendril velocity to
be reached; (d) the maximum aperture of the tendrils correspond-
ing to the maximum distance reached by the tip of the tendrils dur-
ing the approach phase; (e) the time it took for the maximum
aperture of the tendrils to be reached.

Statistical tests were carried out to compare the median values
of each of the dependent measures considered across all of the
conditions using the Wilcoxon rank sum test (one-tailed). In addi-
tion to W-statistic and the p-value, we report the effect’s size cal-
culated as r = z/HN, in which z is the z-score and N is the total
number of observations (Rosenthal, 1991). All statistical analyses
were carried out using the computing environment R (R Core
Team, 2013) software and the function wilcox.test. The procedures
for video recording and the statistical analyses apply to all the
experiments carried out during the study.

Results

Qualitative Results

All the plant organs (i.e., the apex, the node below the tendrils,
and the tendrils) showed a growing movement pattern character-
ized by circumnutation (please refer to Figure 2b and 2c). The
growing movement appeared to be driven by the plant’s intent to
find a stimulus in the environment. In Experiment 1, once the plant
perceived the stimulus, it started to move toward it and the tendrils
began a choreography to grasp the stimulus (please refer to Video
S1 in the online supplemental materials). A similar behavior was
observed also in Experiment 2 but only when the tendrils touched
the stimulus accidentally. In this case, plants quickly modified
their trajectories and started moving toward it until they reached it
(please refer to Figure 2b). Noticeably, this occurred only for the
thicker stimulus (please refer to Video S2 in the online supplemen-
tal materials). When the stimulus was thinner, the plants continued
to move toward the light because, given the reduced dimension of
the thin stimulus, it might be impossible for them to touch it acci-
dentally (please refer to Figure 2c and Video S2 in the online sup-
plemental materials). The search patterns exhibited by the plants
seemed systematic rather than random and might be equated to the
systematic spiral search pattern that has been described for animals
such as ants (Pfeffer et al., 2015). Future research will be able to
increase our knowledge on this fascinating parallel and, in particu-
lar, on the nature of the movement and functional response of
plants in different environmental conditions.

Kinematical Results

As shown in Table 2, the dependent variables considered for the
thinner and thicker stimuli were significantly different in Experi-
ment 1. The average and the maximum tendril velocities were sig-
nificantly higher for the thinner with respect to the thicker
conditions. The time at which the maximum tendril velocity was
reached earlier for the thicker than the thinner condition. The max-
imum tendril aperture, corresponding to the maximum distance
reached by the tips of the tendrils during the approach phase, was
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wider for the thinner than the thicker conditions. The time at which
the maximum distance was reached was earlier for the thicker than
the thinner condition. These results confirm that when the roots
can access the stimulus, physically or possibly via exudates, the
plant is able to perceive it and to plan movements depending on its
size (Ceccarini et al., 2020, 2021; Guerra et al., 2019). In Experi-
ment 2, no significant differences for the dependent variables con-
sidered were found (see Table 2). Presumably, when the roots
cannot access the stimulus, physically or via root exudates, the
plant is unable to perceive it or to plan movements appropriate to
the stimulus’ size.

General Discussion

The current study set out to investigate how the root system of
pea plants (P. sativum L.) contributes to perceiving and responding

to stimuli (i.e., pole supports) of different sizes. The results indi-
cate that if the roots do not have access to the stimulus, the plant
does not modulate its tendrils’ response to different thicknesses.
Instead, when the stimulus is available to the root system, the plant
perceives and responds to different stimulus thicknesses (Experi-
ment 1; Ceccarini et al., 2020, 2021; Guerra et al., 2019). In fact,
study results showed that the plant not only acknowledged the
presence of the stimulus but also scaled the kinematics of the ten-
drils depending on the stimulus’ thickness. The average and maxi-
mum tendril velocities were higher for the thinner than the thicker
stimulus. In temporal terms, it took longer for the tendrils to reach
peak velocity and maximum aperture, both calculated as a percent-
age of movement duration, for the thinner than the thicker stimu-
lus. Likewise, the maximum distance between the tendrils was
significantly greater for the thinner than thicker stimulus. These
findings signify that thanks to their root systems, climbing plants

Figure 2
The Landmarks Considered and Examples of the Spatial Trajectories for Experiments 1 and 2. (a) The Landmarks Considered Were:
the Base of the Stem (1), The Second Leaf (2), The Internode (3), The Apex (4), The Node Below the Tendrils (5), The Tip of the
Tendrils (6, 7), and The Stimulus (8, 9). The Colors of the Circles Correspond to the Colors of the Trajectories Shown in the Right-
Side Panel. (b) The Trajectories for all the Landmarks for the “Thick” Stimulus Condition in Experiments 1 and 2 are Shown. (c) The
Trajectories for all the Landmarks for the “Thin” Stimulus Condition in Experiments 1 and 2 are Shown

Note. The axes x and y refer to the sagittal and vertical axis in mm, respectively. See the online article for the color version of this figure.
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have the ability to extract the “graspable” properties of a stimulus
and then to plan and implement appropriate beneficial behavior.
Just as animals, climbing plants seem to rely on sensorial mecha-
nisms to reach a stimulus. Thus, contrary to what was previously
thought, they drive their tendrils using more than just the contact
sense (Darwin, 1875; Jaffe, 1979).
Notably, if the roots are unable to access the stimulus, the plant

is left in the dark so to speak. It would seem, in fact, that the mech-
anisms of the aerial part of the plant are unable on their own or in
concert to provide the plant with thickness information. Without
information from the roots, the plants appeared disorientated and
the radius of the shoot movement increased as if it were searching
for a potential support. Yet when the tendrils touched the stimulus
accidentally, they quickly modified their trajectories and started
moving toward it stretching out to touch it. These findings agree
with other descriptions of the movement of tendrils (Darwin,
1875; Jaffe, 1979; Jaffe & Galston, 1968). Tendrils first present a
slow rotation through space (i.e., they circumnutate) until they
make contact with a stimulus. The circumnutation then ceases as
the tendril begins to coil around the stimulus (Jaffe, 1979; Jaffe &
Galston, 1968). If the stimulus is inaccessible to touch, as in the
case of a thin stimulus, then the tendrils remain straight.
The key functions of the roots are to acquire nutrients and water

and to provide anchorage for the plant. Indeed, the vast majority
of studies have focused on foraging strategies by the roots and
their behavioral responses to multiple environmental cues such as
the heterogeneous soil environment and the presence of other fac-
tors such as competitors (reviewed by Cahill & McNickle, 2011;
Hodge, 2004, 2009). More recently, however, roots’ ability to
monitor and integrate numerous parameters simultaneously and to
“translate” these sensory “experiences” into complex motoric
responses has been described (Gandar, 1983; Massa & Gilroy,
2003; Semchenko et al., 2008). For instance, growing root apices
can, under appropriate circumstances, perform crawling-like
searching movements (Baluška et al., 2009; Edelmann & Roth,
2006) that closely resemble the behavior of lower metazoans such
as corals and jellyfish (Darwin & Darwin, 1880; see also Barlow,
2006; Kutschera & Niklas, 2009). A similarity between roots and
lower animals (i.e., the so-called “root-brain hypothesis”) was pro-
posed by Charles Darwin and his son Francis. They observed that

roots tend to avoid inanimate obstacles, a behavior that is more
dominant than the root’s tendency to develop geotropically (Dar-
win & Darwin, 1880). They also noted that when the tip of Vicia
roots came into contact with a thin glass plate at a steep angle, it
modified its morphology and growth direction. Another similar
example refers to the tip of the radicle that can distinguish between
harder and softer objects pressed upon it. If the tip perceives the
air to be moister on one of the sides, it transmits the information to
the upper adjoining part, which bends toward the source of mois-
ture. In almost every case, the movements reported seemed to be
driven by a goal (Darwin & Darwin, 1880). In other words, the
fate and the morphology of roots seem to be determined by com-
plex interactions with various environmental factors such as poten-
tial physical obstructions and objects in the soil. When they make
contact with physical obstacles, roots tend to grow toward areas of
least resistance (Clark et al., 2003; Kozlowski, 1999). Circumvent-
ing physical obstacles could be critical for the plant’s survival and
performance, especially in rocky environments or when the soil is
compacted. Wilson (1967), who was one of the first to investigate
the pattern of woody root growth in maple trees in the presence of
artificial barriers, showed that tree roots tended to return to their
original growth point when they detected an obstacle. It has subse-
quently, been demonstrated that in Arabidopsis thaliana there are
six genes involved in the stimulus–response interaction. In other
words, the interaction between obstacles and the root cap affects
the geotropic response that eventually reorients the roots leading
them to grow along obstacles (Okada & Shimura, 1990).

Although it has long been known that roots have the ability to
circumvent obstacles (Darwin & Darwin, 1880; Montagu et al.,
1998; Simojoki, 2001), the mechanism underlying the obstacle
avoidance response by roots is poorly understood. The root bending
response, which does not seem to be just a passive response to an
obstacle, appears to depend on a complex process. Evidence sug-
gests that root obstacle avoidance is driven by the accumulation of
root exudates at the root cap (Semchenko et al., 2008). It has
recently been demonstrated that the bending of a root away from an
obstacle involves active signal transduction and depends on both
the mediated auxin transport and the PIN-FORMED (PIN)-medi-
ated auxin transport and the transport inhibitor response 1/auxin sig-
naling F-box protein auxin signaling pathway (Lee et al., 2020;

Table 2
Kinematical and Statistical Values for Experiments 1 and 2

Median

W p rThick vs. thin stimulus Thick Thin

Experiment 1
Average tendril velocity (mm/min) 1.24 2.91 200 0.002 0.69
Maximum tendril velocity (mm/min) 5.24 17.25 218 0.001 0.73
Time of maximum tendril velocity (%) 64.21 90.2 156 0.037 0.38
Maximum tendril aperture (mm) 51.31 76.83 161 0.022 0.41
Time of maximum tendril aperture (%) 41.61 76.32 156 0.037 0.38

Experiment 2
Average tendrils velocity (mm/min) 2.38 2.23 798 0.839 0.02
Maximum tendril velocity (mm/min) 10.62 11.75 739 0.449 0.08
Time of maximum tendril velocity (%) 39.40 47.29 814 0.958 0.01
Maximum tendril aperture (mm) 42.20 48.20 311 0.135 0.20
Time of maximum tendril aperture (%) 58.84 88.58 359 0.467 0.10

Note. % = percentage of movement duration.
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Zhang & Friml, 2020). Other findings have confirmed that physical
obstruction induces changes in the placement of root mass such as
fewer and lower lateral roots not noted in areas without obstacles
(Hodge, 2009; Semchenko et al., 2008).
Whether roots are also able to process the intrinsic features of

the objects they encounter has received little attention in ecologi-
cal and physiological literature. In this respect, the results outlined
here not only confirm that the roots of pea plants (P. sativum L.)
are sensitive to inanimate objects (Takahashi & Suge, 1991) but
also that such ability extends to the coding of structural character-
istics (i.e., thickness).
It has already been demonstrated that pea plants are able to

detect and avoid inanimate objects in the soil (P. sativum L.; Falik
et al.,2005). This effect appeared to be mediated by the diffusion
and accumulation of root exudates in the vicinity of the objects,
causing inhibited root growth in the direction of the accumulated
exudates (Falik et al., 2005). It has been experimentally proven
that plants do not perceive objects and even grow toward them if
exudates have been removed from the substrate (Falik et al.,
2005). This mechanism might also explain our results. The diffu-
sion and accumulation of root exudates serve not only to avoid
growth in the vicinity of inanimate objects (Darwin & Darwin,
1880; Falik et al., 2005; Leyser & Day, 2003) but also to process
the features of the objects encountered. In other words, diffusion
properties, accumulation and effectiveness of exudates may signal
the physical properties of a potential stimulus. Although study
findings have not identified the substances that are responsible for
the ability to process object thickness, they suggest that chemical
compounds might be involved to this endeavor.

Conclusions

The present study has provided evidence that the root system of
pea plants (P. sativum L.) plays a pivotal role in sensing the pres-
ence and the thickness of a stimulus. Studies in a natural setting
are of course warranted to verify the relevance of these findings in
an ecological context (Calvo & Trewavas, 2021). The fact that a
plant responds in a particular way in an unnatural environment
does not necessarily mean it will do so in the natural one. Integrat-
ing these results with ecological observations may lead to identify-
ing specific behavioral cues during stimulus sensing processes in
plants, enhancing our knowledge about plant behavior.
Thus, although studies have demonstrated that roots display a

wide range of sophisticated responses (that is, the ability to: [a]
avoid obstacles [Falik et al., 2005], [b] recognize kin from nonkin
[Dudley & File, 2007], and [c] detect nutrient patches and modify
root system growth [Hodge, 2009; Hodge et al., 2009] and so
forth), it should be remembered that in a natural environment, the
plant and its root system are subject to a wide range of signals and
stimuli. It is possible that if many things are going on, the plant
ultimately responds to the strongest environmental stimulus (e.g.,
the availability of a nutrient or the presence of other plant roots,
etc.) rather than be overwhelmed. In other words, the context in
which the response is observed may ultimately be as important as
the response itself. These findings nevertheless strongly support
the idea that the root tip functions as a “command center” (Baluška
et al., 2004) or, as recently pointed out, as a “cognitive center”
(Baluška et al., 2009; Segundo-Ortin & Calvo, 2019; Castiello,
2021; Parise et al., 2020; Trewavas, 2009, 2016, 2017) implying

that it is capable of processing multiple environmental cues pro-
viding information about the underground environment and lead-
ing to adaptive behavior. The idea is in line with the “root-brain
hypothesis” of Charles and Francis Darwin (Darwin & Darwin,
1880) according to which each root apex acts as both a sensory
organ and a “brain-like” command center generating specific cog-
nition and behavior (Baluška et al., 2004, 2010). Roots thus may
be able to solve cognitive problems such as where, how or whether
to grow at all and to field the interaction between effectors and
objects (Castiello, 2021; Hodge et al., 2009; Trewavas, 2009).
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