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Abstract

The plant root system shows remarkably complex behaviors driven by environmental cues
and internal dynamics, whose interplay remains largely unknown. A notable example is cir-
cumnutation growth movements, which are growth oscillations from side to side of the root
apex. Here we describe a model capable of replicating root growth behaviors, which we
used to analyze the role of circumnuntations, revealing their emergence ) under gravitropic
stress, as a combination of signal propagation and sensitivity to the signal carriers; Il) as a
result of the interplay between gravitropic and thigmotropic responses; and lll) as a behav-
ioral strategy to detect and react to resource gradients. The latter function requires the pres-
ence of a hypothetical internal oscillator whose parameters are regulated by the perception
of environmental resources.

Introduction

A crucial question in plant development is how external cues are translated into specific
growth patterns and how these are internally coordinated [1]. Plant hormones, such as auxin,
are involved in virtually all aspects of plant development [2], including directional growth
response (tropisms) [3], the control of plant architecture [4, 5], stress response [6], and embryo
development [7]. The differential distribution of the auxin hormone regulates the signaling
network and the plant organ’s responses to stimuli [1, 8], such as the inhibition or stimulation
of cell elongation, which leads to the bending of the organ. Growth occurs in the apical region
of the root, which includes cell division and elongation zones [9]. The transition between these
two zones depends on the auxin profile, with the transition border defined by the minimum
auxin level [10]. The unequal rate of growth on opposite sides is the mechanism underlying
circular or elliptical movements, called circumnutations [11], with the highest rate of differen-
tial elongation localized at the middle of the elongation zone [12]. While auxin is expected to
play an important role in circumnutation movements, there is a wide range of other chemical
regulators (peptides, RNAs, ions, and metabolites [13]) and corresponding signaling processes
that affect plant growth and development [14] and can possibly play a role in the emergence of
circumnutation movements. Previous hypotheses and experiments described circumnutations
as a response to gravity [15], tactile stimulation [12], or internal ion flux oscillations [16],
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ascribing to these movements a possible role in anchoring [17] and soil penetration [18]. The
latter hypothesis was translated into a control strategy of a plant root-inspired robot moving in
soil [19, 20]. However, given the complexity of signal pathways in plants [21-23], the design
and analysis of biological experiments to disambiguate the nature and the role of circumnuta-
tions in plant roots still remain very challenging. Formal and numerical models of plant root
growth can help better understand and assess how incoming signals translate into growth
movements and generate circumnutations.

Quite extensive work has been carried out to model and analyze the kinematics of plant
shoots [24-28] and their circumnutations [29], even considering multiple stimuli and auxin-
mediated signaling pathways. However, root and shoot are two naturally distinct organs, with
design and functional divergences, deserving dedicated attention. Some attempts have been
made to describe plant roots 2-D kinematics under gravity effects [30], considering gravity
and water [31] or analyzing cells geometric factors and mechanical properties driving tissue
extensibility and root bending [32].

Other current plant root models are based on functional-structural approaches [33-35],
which mainly address root branching and arrangement in space, internal fluxes (e.g., water,
sugars), or auxin-specific distribution [36, 37]. Nonetheless, none of the root models explains
3-dimensional root bending behaviors while accounting for root zonation in response to a
combination of environmental stimuli (e.g., identifying developmental zones along the root
where the response is actuated). In contrast, root zonation is essential for coordinated cell dif-
ferentiation and fast tropic environmental responses [9]. Plant growth is mainly regulated by a
dynamic change in the cell activities of transcription factors and protein regulators intercon-
nected to hormone biosynthesis [38]. Such internal processes have been compared to compu-
tational circuits analogous to nervous systems [39], and a wide range of biological insights
have been leveraged to promote the analogy between a neural network and the plant root seen
as a network of cells linked by biochemical connections [40, 41]. However, no formalization
and computational predictions have been described so far. Here we propose a model where
the maximal root growth rate and position can be adjusted and thus analyzed on different
developmental zones of the apex, regulated by a signaling network that transmits excitation
and inhibition signals akin to an artificial neuronal network. The comparison between neural
networks and plants has created a great debate in the scientific community [42-45], opening
new frontiers in the understanding of plants [46]. Despite this, it is not our intention to assert
a close analogy between plants and neural networks as in animals, foraging the debate, but
rather to analyze some of the plant’s behaviors through their description with artificial net-
works that can well describe plant’s behavior functions. Specifically, we want to examine the
conditions for the emergence of circumnutations in plants during growth, providing a general
model whose parameters can then be tuned to ascribe from specific plant species. The model
decomposes the complex process of signaling involved in root-environment interactions into
simpler components (e.g., responses to gravity, touch, nutritional resources) that can be stud-
ied, both individually and in interaction, to discriminate the effect of each component in the
emergence of circumnutations. The proposed model can reproduce observable growth pat-
terns of living plant roots and reveal the emergence of circumnutation movements as both a
consequence of gravitropic stress and as a possible result of the interplay between gravitropic
and thigmotropic stimulation. Ultimately, under the assumption of an internal oscillator dic-
tating the presence of circumnutations, these movements are investigated in this paper for the
first time as a possible strategy to detect and react to resource gradients, with resource signals
affecting circumnutation period and amplitude. In the following, the model will be first pre-
sented and described. Then, the results of different model parameters investigation will be dis-
cussed, followed by conclusive remarks.
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Materials and methods

The proposed 3-D growth model with an embedded signaling network was inspired by Tsutsu-
mi’s model in 2-D [31], in which the growth process is modeled by controlling the elongation
rates (Gje; and Gygp, in Fig 1) at two opposite sides of the flank behind the root tip (red dot in
Fig 1). Different elongation rates produce differential growth generating a curvature, with a
bending angle 0 after an interval of time At, given by:

— |GleftAt - GrightAt|

0 :
D

(1)
where D is the root diameter (blue line in Fig 1). When G, equals G,;g, a straight growth is
achieved. The average growth rate is then defined as G, = (Gjeft+Gyigns)/2. According to [47],
root growth responses change when the roots are under environmental stresses. Thus, the root
growth direction can be coordinated by adjusting G.; and G,,gy,; over time according to envi-
ronmental signals. Whereas in a 2-D case, the allowed angles (¢) along the circumference of
the root are only ¢ = 0° for the right side and ¢ = 180" for the left side, in our 3-D model the
growth rates can be defined for any angle ¢ in the range [-180°,+180°] around the circumfer-
ence of the root (Fig 1C).

The proposed 3-D model allowed simulating a plant root’s growth in response to the cur-
rent state affected by internal/external signals that may originate at various root positions and

Fig 1. Schematic of root parameters and growth kinematics. The mechanism of differential growth for a single time
step (At) is summarized for our modification of the 2-dimensional model of Tsutsumi [31]. (a) The root before and
after a bend of 6. The red dot identifies the tip of the root, and the blue line highlight the diameter D. (b) A close view
of the region with the bending. The differential growth is achieved by a different growth rate (Gs> Gigp, in this
example) obtained at opposite sides of the root. (c) A 3-D view of the cross-section of the root, the local coordinate
system is shown before Ox’y°2z° and after Oxyz the differential growth. This 3-D section is representative for the shape
of segments defined on the root at each iteration. Outside of the root is drawn the reference curve location (black line
in the direction of the y axis), the point having highest growth rate (green dot) and the corresponding ¢ angle, which
corresponds to the angle between the y axis and the point of highest growth rate. (d) The kinematics for the same
growth step.

https://doi.org/10.1371/journal.pone.0252202.9001
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are transmitted via parametrized signaling pathways. To describe the rate of axial root elonga-
tion, we introduced the stimuli growth response surface G(t,d,¢) function (detailed below in
the text) defining the rate of axial elongation of cells on the root surface. G,(t,d,¢) can vary in
time ¢, for a distance d-D from the tip along the root centerline, and with angle ¢ w.r.t. the y
axis (Fig 1C). To easily visualize the y axis direction, a black line, which we call reference
curve, is also plotted in our graphs (black lines in Fig 1C and S1C, S1F and S1I Fig) that follows
the root trajectory outside of the root diameter.

The initial state of the root is constructed as a 3-dimensional straight object composed of n
3-dimensional sections, having a cylindrical shape (Fig 1C), whose diameters r(d) are com-
puted as a function of their distance d from the tip according to:

d Peap
0.5D| — Jifd<d
r(d) = (d ) < )

cap
0.5D, otherwise

where d.,, = 1.5 defines the threshold root cap distance and p,,, = 0.4 defines the cap curva-
ture. Considering that in the most studied model plants like Arabidopsis thaliana or Zea mays,
the root diameter is constant over the elongation zone, except for the very apical region [48,
49], and since also we are not studying morphological alterations (i.e., radial expansion), but
only motion patterns generated during growth, our assumption on the root diameter can be
considered valid.

The length of the initial root is defined by the length of the elongation region (set to 6.0D in
our simulations). To achieve sufficient simulation precision, the number of sections n should
be sufficiently large and the simulated time-step At should be sufficiently small. We limit our
observations by the length of the elongation zone, i.e., up to 6D from the tip, in all experiments
except for the ones where we specifically investigate the effects of a shorter elongation zone of
3D. For a relatively small time step of At = 0.1 hour (as used in our simulations) and the aver-
age root growth rate of 1D/hour, we get n = 29— = 60 3-dimensional sections of the initial
root. This way, we create segments having £ length. If the elongation region is shorter, then a

smaller number of sections will be used. In our implementation, we keep incremental arrays to
trace center positions and the basis for each segment.

From these arrays, we can easily draw the root by projecting the circumference points at |r
(d)| on the xy plane from the center for each segment and use the mesh grid to connect conse-
cutive circles.

The process starts from the 60™ segment at d = 6.0D, where it is calculated the growth
response surface G(t,d,¢) (as described below). If the provided elongation is differential (i.e.,
with greater values for some angle ¢), then the first section will not only extend but also bend.
Since the 59™ section is attached to the 60™ section, 3-D positions and orientations of all sec-
tions starting from the 59 will be affected according to the final orientation and position of
the 60™ section. Then, we repeat the same process for the 59" section by applying the aggre-
gated growth response surface data given for d = 5.9D. And so forth for 58" and following sec-
tions. Iteratively, we extend and bend all 60 sections. The total length of these 60 sections will
now be greater than the initial length of 6.0D. Since the length of the elongation zone is always
fixed to 6.0D, the next iteration will again consider 60 sections of 0.1D length each. When
going from 60 elongated sections to 60 sections of length 0.1, we preserve their 3-D orienta-
tion. The region above the 6.0D does not move and is no longer updated.

The orientation of the coordinate system in the first section (at d = 6.0D) at initial time is
defined by the initial orientation of the root. The kinematics of the root can be described by
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roto-translation matrices, accounting for root extensions and bending, applied to update the
basis A(t,d) € R* build for each segment at time ¢ and distance d from the tip (frame
0x"y°Z° in the segment shown as an example in Fig 1C). Each next cross-section is orientated
w.r.t. the basis of the previous cross-section and any 3-dimensional bending or growth of the
root that needs to be applied at each time step iteratively affect all subsequent sections.

For each time step, once G,(t,d,¢) is obtained for all d (center distance of the segment) and
¢ (with ¢ step of 360°/361° in our implementation), we can extract the Gj,y; as the maximal
rate of growth with its corresponding angle ¢, and G,g, as the rate of growth at ¢+m. The
bending angle can then be derived as in Eq (1) with a curvature radius equal to:

_D G + Gig (3)
©2G G

left — “right

To define the new basis A(t+At, d), we need to define the proper rotation matrix
(M € R**) to be applied and the center of the new frame. Building the frame Ox'y'Z (Fig 1D)
0 0

0 —-R

c

_ 0
with center (0 0 0) (Fig 1), we rotate the line v/ = ( 0) and 2’ by the angle 6 around

the x’ axis with the rotation matrix:

C0 + x’x2(1 - CO) x’y'x,x<1 - C0) - x/zSO x/zx/x(l - CO) + x//‘vSU
R = x/y'xjx(l - CG) + xleG CG + xlyz(l - CG) x/zx/y(l - CG) - xle(-) (4)
x/zx,x(]‘ - CH) - ‘xlys(-) x,z‘xly(]' - CH) + xleH C9 + x/zz(]‘ - CH)

N P —> —
where Cy denotes cos 6 and Sy denotes sin 6, obtaining u” = w'R, Z = z' R and
0 R,
0

tor we get y'’. With the cross product x” = y"xz" we have a new basis Ox"y"z". Here, we have
to apply a rotation by ¢ about 2" to obtain the rotation matrix M:

- — 0
VvV =(w, u, u,,) Translatingu’ + ( ) and normalizing the resulting vec-

c

c, -S, 0
M=|S, C 0|« y ) (5)
0 0 1

At time t+At we can apply A(t+At,d) = A(t,d)-M to obtain the new frame Oxyz for the seg-
ment at distance d in the root, having the center in A(¢,d) - ¥". By controlling G,(t,d,¢) over
time, any 3-D trajectory can be generated and, thus, any single root apex’s behavior. Three
examples of stimuli growth response surfaces G,(t,d,¢) with corresponding root trajectories
are shown in S1B, S1E and S1H Fig.

We hypothesized that G,(t,d,¢) can be decoupled into two terms: i) a slower changing term
called the baseline growth response surface Gy(t,d,¢), which defines root zonation, mainly deter-
mined by genetic actors, and ii) a faster changing term associated with the aggregated signal
response surface S,(t,d,$) which defines the growth excitation or inhibition according to
incoming and previously received signals. More formally, the stimuli growth response surface
is obtained as:

Gs<t’ d’ (b) = Gb<t’ d’ (b) . Sa(t7 d7 ¢>> (6)

where Gy(t,d,¢) provides the genetically defined pattern of growth as a function of the distance
from the tip, also described as root zonation. While recent observations suggest the influence
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of internal and external resources on root zonation [50, 51], we kept constant this pattern of
growth in our model. We described it with a Gaussian distribution with a standard deviation
set to 0.1 times the length of the elongation region and peak in the middle of the elongation
region (in S1B Fig, at d = 3D, the peak is at 56.06% of the elongation rate). S,(t,d,$) represents
the aggregation of N individual stimulus signal response surfaces, obtained as:

At At
S,(t,d, o) = (1 — m) S (t — At,d, @) er
L. wi(t,d, 9)S,(t, d, d) + b(t,d, d)). (7)

In Eq (7), the S{(t,d,¢) is the i-th stimulus signal response surface, w;(t,d,¢) is its ¢ time- and
(d,¢) position-dependent weight, b(t,d,¢) is a bias, f, is an activation/aggregation function
(that we assumed here to be linear f,(x) = x) and 7(t,d,¢) is the signal decay. Therefore, the
aggregated signal response surface naturally depends on the sensitivity w;(t,d,¢) of a particular
point (d,¢) at time ¢ to incoming signals, aggregated with f,,.

The i-th (out of N) stimulus signal response surface can be associated with a chemical regu-
lator that we modeled with a signal that originates at some position in (d,¢)-space with
strength S;(f)€[-1,+1] (where —1 is an extreme inhibition and +1 is an extreme excitation) and
axially propagated according to a velocity vector v;. S,(t,d,¢) = 0 is the initial condition that
remains 0 if no signal is generated and propagated. Different generation functions can be
drawn for the chemical regulator, according to the type of stimulus. In the following, we will
detail the case of gravity signal generation (S,), thigmo-signal (S;) and internal oscillator signal
(S,) functions; also presenting two possible conditions for 7(t,d,¢) when discussing mechanical
stimuli.

The sensitivity of particular regions to signals (e.g., regulated in nature by the auxin) could
eventually change over time by changing w;(t,d,$), possibly playing a role in the dynamic evo-
lution of root zonation [50, 51]. Also, by controlling b(t,d,¢), a biased growth is achieved: by
increasing or decreasing the bias, more excitation or inhibition is obtained in the correspond-
ing region (d,¢)-space over time ¢, possibly helping describing natural or salt-induced asym-
metric developments observable in plants [52-54]. In our simulations, we set b(t,d,$) at 1 in
order to have G(t,d,§) equal to G,(t,d,¢) in case of no signals, and we imposed w;(t,d,$) to be
constant over time and space for all simulations.

As a consequence, the patterns of motion in the roots by our model highly depends on the
sensitivities w;(t,d,¢) to incoming signals, signals decay, and root zonation. Examples of model
parameterization are given in the S1 File and S1 Video. Table 1 in S1 File summarizes the
parameters settings adopted for each simulation performed in this study.

It is worth noticing that the formalization of our root growth model (Eq (7)) is analogous to
the model of a continuous-time recurrent neural network [55, 56], which can formally be
described as:

Y, =~V +fa(2j'\leiyj + bi) + Ii(t)a (8)

and resolved by the Euler step method for i-th neuron, where y; is an activation of the postsyn-
aptic node (in analogy, S,(t,d,¢) in Eq (7)), y, is a rate of an activation change of the postsynap-
tic node (((S,(t,d,¢)—S,(t—At,d,¢p))/At in Eq (7)), 7; is a time constant of the postsynaptic node
(z(t.d,¢) in Eq (7)), f, is an activation function (often sigmoid), b; is a bias of the presynaptic
node (b(t,d,¢) in Eq (7)), and I)(¢) is an input (if any) to node i (not present in Eq (7)). By this
formalization, the root is acting as an artificial neural network where signal velocity transmis-
sion and nodes sensitivity to signals define the final root growth patterns.
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Modeling of gravitropism

Gravitropic signals originate in the root cap (d = 0), often viewed as the center of gravity sens-
ing [57], and propagate along the root with speed v (velocity v, is set to be positive along the

axis d and zero along ¢). The minimal angle between the root’s orientation at the tip 7~ (Fig 2)

and the gravity vector g is defined by ;,€[0,7]. The strength of the signal (S; in Eq (7), here
with i = g) is obtained from o, by:

20 T
_g,l:fo( S_
T §— 2,

s, (t,O,(bg) - 9)

1, otherwise

such that it has its maximum s,(¢,0,¢,) = 1 when o, = 7/2 (meaning, the tip is perpendicular to
the gravity vector), while a, = 0 (the tip is aligned with the gravity vector) corresponds to sg(t,0,
¢g) = 0. The form of the signal is set to be symmetrical such that s,(£,0,¢g7) = —s,(£,0,8,), with
¢, representing the angle along the root circumference corresponding to the top side of the
root (Fig 2), and the scaling between ¢, and ¢t is linear. This signal behavior could be asso-
ciated with a gravity-induced redistribution of signal carriers such as auxin. The speed of signal
carriers v, defines how long it will take to propagate to specific growth regions of the root. Fur-
thermore, each surface element of the root, depending on its spatial location (d,¢), may have
its own sensitivity/weight w(t,d,¢) which contributes (here, f,(x) = x) to the aggregated stimuli
signal surface (Eq (7)) and the stimuli growth response surface (Eq (6)).

Modeling of thigmotropism

Thigmotropism, the root’s ability to respond to touch stimuli, is modeled firstly as a passive
mechanical response which may require the root to bend when pushing against an obstacle
and, secondly, as an active response which can be viewed as a continuation of the passive one
and leads to a propagation of a touch signal s,. To estimate the region of touch and initiate the
corresponding signal, the root is covered with sensory points (green points in Fig 3A and 3B).
During numerical simulations, these points may intersect with obstacles that lead to detecting
the intersection (intersected sensory points are shown as red points in Fig 3A and 3C) and pro-
duce a passive thigmotropic response (see Results section).

b

L1 %

) 90° . 0
N\\\\\\\ .>
ﬁg

g r

g 180° 270°

=)

g

Fig 2. Schematic depicting key parameters under gravitropic signal. (a) A bending root responding to gravity,
—

—

showing the root tip orientation 7, the gravity vector g, the angle o, gives the deviation of the root from the
gravity, and the signal velocity v,.. (b) A cross-section of the root showing the angle ¢, in the circumference along
which the maximal signal is propagated. The reference line is drawn in black in (a) and with a black dot in (b).

https://doi.org/10.1371/journal.pone.0252202.9002
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Specifically, from the set of sensory points that result in the intersection between root and
obstacle (red points in Fig 3A and 3C), we estimate the mean point of touch as the vector sum
of the intersected sensory points. From the mean point, having a certain distance d from the
tip, and the associated angle ¢, w.r.t. the reference curve (see Fig 3C), we can calculate the
radius r, of the corresponding cross-section as in Eq (3). The mean point is depicted by a black
star in Fig 3C and 3D and is associated with a particular angle o, (Fig 3D) such that the points
which are more distant from the very tip correspond to smaller values. Knowing the position
of the mean of touched/intersected sensory points is sufficient to compute ¢; as follows:

A, (10)

o, = arctan(p,,, 1

The strength of the signal linearly changes from s, = —2¢,/m at ¢ = ¢, to —s, while approach-
ing the opposite side of the root at ¢ = 277+¢,. For the sake of simplicity, the symmetrical axial
distribution of s; w.r.t. ¢, mentioned above is assumed in the rest of the paper.

The modeling of passive thigmotropic response consists of iteratively performing a minimal
and uniform bending, towards the very tip direction, of each modeled section of the root at ¢
= ¢, until the root stops intersecting with obstacles.

Modeling of mechanically induced signaling memory

We investigated the conditions for the appearance of circumnutation movements in root-
obstacle interactions. Root-obstacle interactions might mechanically-disturb cells, their sensi-
tivity defined in this model by w/(t,d,¢), and their ability (e.g., the signal velocity vector ;) to
pass signal-carriers. In our approach, we study the effect of root-obstacle interactions already
at the point of their perception, i.e., at the mapping of the obstacle angle ¢, to the inhibitory

signal s,() as s,(t) = (1 L) (t — At) + 35 (=20, (t)/m).. We analyzed two different

T t(tdg) t,d.0)
conditions for the signal decay (how gradual the mapping/perception is), one with 7(t,d,¢) =
At (immediate initiation of the inhibition, giving s,(f) = —2a,/m as before) if the touch occurs,
and the other case where the inhibitory signal s,(t) decays at a slower rate with 7(¢,d,¢) = 10

radius (xD)

[ )
N | |
0.5 1 1.5 2
distance from the tip (xD)

Fig 3. Modeling of thigmotropism. (a) An example of root apex intersecting with an obstacle depicted by a horizontal gray line. The root is covered with tactile
sensory points, colored in green when no intersection is detected and colored in red when an intersection is detected (e.g., here at the very tip). A black line depicts the
reference curve. (b) The corrected root (a) after a minimalistic bending to remove the intersection with the obstacle. (c) Tactile sensory points, shown from the bottom
(tip) view on the root, are equidistantly spaced w.r.t. the center of the root in this view. The points are located at different angles ¢ w.r.t. the reference curve (¢ = 0,
black dot) depicted by the black line in (a, b). The mean of the intersected (red) points depicted by a black star represents an estimated location of the occurred touch.
(d) The root shape is defined by a green line which illustrates how the root (y-axis) radius changes as a function of the distance from the tip (x-axis). x and y represent
the multiplier for D as unitary value. Knowing the position of the mean of the activated sensory points (black star) is sufficient to estimate the @, angle w.r.t. the obstacle
(represented in the figure with the light gray triangle) as the angle between the centerline of the root and the tangent (dashed black line) at the starred point.

https://doi.org/10.1371/journal.pone.0252202.9003
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hours. The slower rate leads to delayed signaling, which takes into account the memory of
recent root-obstacle interactions.

Modeling circumnutation movements for resources exploration

We investigated the possibility that plant roots perform circumnutations to explore environ-
mental resources. In this case, we hypothesize the existence of an internal oscillator that gener-
ates a sinusoidal signal. This hypothesis seems to be supported by recent investigations
suggesting the presence of an auxin-meditated signal, directionally transported, that regulates
root cellular elongation and producing circumnutation [58]. This internal oscillatory appara-

tus is affected by the gradient of resources perceived at time t AC = C(Z%“(:)A” [59], obtained as

the difference of the concentrations perceived at current C(¢) and previous time step C(t—Af)
normalized on the average growth for the time step AtG,,,(t). This oscillator produces a signal
at the tip as follows:

s.(t,d =0,¢ = 0) = sin(z(1)), (11)
£() = t.(t — Af) + ALT, (1 +%}, (12)

where t,(t) defines the time of the internal oscillator (as a function of the elapsed time ¢ of sim-
ulation, with £,(0) = 0 whose rate of change AtT for a frequency T, = 2 > 0 (with P time in

hour) can be accelerated (decelerated) by a factor of | if the concentration increases as

Trepad|
AC>0 (decreases as AC<0). Alternative functional forms of Eq (12) can be used as long as
greater values of AC lead to greater positives changes of #,(t). The proposed function has a dis-
continuity when AC = 0, making the oscillator sensitive primarily to the sign and only second-
arily to the amplitude of this change. The control of s,(t,d,¢) in 2-D space limits to ¢ = 0 and ¢
= +7, whereas growth control in 3-D space can take any ¢€[-m,1] according to the frequency
of oscillation as ¢(t) = m+Tt. An example of a 3-D growth is shown in S1G Fig, where oscil-
latory signals originate at the tip, at a moving ¢(t) = %+ nt/10 for t = 0,. . .,10 hours, having

P =10 hours, that leads to a 3-D helical growth as shown in S1I Fig. The above-described oscil-
latory apparatus is not unique, and alternative configurable oscillators might be considered.
See S2 Fig for three examples of roots performing different circumnutations and the strategy
of their quantification.

Results and discussions
Effects of gravity on circumnutations

Among the several behavioral responses to environmental stimuli, gravitropism is the ability
of plant roots to adjust their growth direction to align with the gravity vector by bending
downwards when tilted perpendicularly with respect to gravity [60]. Overshooting of the grav-
ity vector was suggested to be the origin of circumnutation movements [61] until a study dem-
onstrated that circumnutations continue despite the absence of gravity [62], although the same
research suggested, however, that gravity could affect circumnutations. The relation between
root zonation and gravitropism response has been thoroughly analyzed, allowing, for instance,
to define the differential growth rate, the minimum stimulation time, and time and region of
stronger response translated in a higher differential growth [63, 64]. This region will also be
called in this paper root zonation peak (see S1B, S1E and S1H Fig). Here, we studied the role
of zonation and gravitropism in circumnutation movements by positioning the simulated root
horizontally respect to the gravity and allowing it to grow. In particular, we investigated the
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Fig 4. Effects of signal speed, sensitivity, and zonation on root growth. Two different root zonation peaks are compared (in colored
scale, where red represents the location of maximum response): (a) the peak of the growth rate (%) is located at a distance of 1.5 times
the average diameter of the formed root (d = 1.5D) from the tip; (b) the peak of the growth rate (%) is located at a distance of d = 3.0D
from the tip. All the roots present the result after 16 h of gravitropic stimulations with a different propagation speed (v,) and sensitivity
(wg). Magenta lines depict the trajectories of the tip. Colors show the rate (%) of elongation per h.

https://doi.org/10.1371/journal.pone.0252202.9004

effects of the propagation speed of gravitropic signals defined by v,, the root sensitivity to grav-
itropic signals defined by w,(t,d,¢) over time t and space (d,¢), and the zonation defined by
Gy(t,d,¢) on the growth behavior (see Materials and Methods for implementation). A first
group of nine experiments corresponded to the case of a root zonation peak located at a dis-
tance from the tip of 1.5 times the averaged diameter of the formed root (d = 1.5D), whereas a
second group of nine experiments corresponded to the case of a root zonation peak located at
d = 3.0D from the tip.

Both the gravitropic signal speed v, and the root sensitivity to gravity w, affected the root’s
ability to converge to a stable vertical orientation (Fig 4 and S2 Video). Weak sensitivity w, led
to a steady downward bending without circumnutation movements, independently of the sig-
nal speed and location of the zonation peak. For zonation peaks closer to the tip (Fig 4A), we
found that slower signal speeds (e.g., when the transport of signal carriers was not faster than 5
times the baseline root growth rate) and higher sensitivity (e.g., characterized by a substantial
difference in concentrations of the auxin on the opposite sides of the root, which in turn
caused differential growth [65]) generated circumnutation movements with different periods
and amplitudes. We also found circumnutation movements to be more pronounced for zona-
tion peaks at longer distances from the tip (Fig 4B); only a few simulated roots were unable to
follow gravity and self-collided even considering a strong sensitivity (w, = 1.0 for all possible
values of (d,9)), e.g., the case where signal speed was slower (v, = 1D/hour) and zonation was
farthest (d = 3.0D) (the self-collision check was intentionally disabled in simulation). These
observations suggest that circumnutation movements can ultimately originate in response to
gravistimulation. A detailed analysis of the impact of root zonation on gravitropism is pro-
vided in S3 Fig. Moreover, with our model, a greater sensitivity to gravity (high w,) led to
more circumnutation movements for every signal speed (i.e., any column in Fig 4). This obser-
vation can be compared to a large-scale study in living plants [60], which showed that the
youngest gravity-stressed seedlings of Arabidopsis thaliana tended to overshoot the gravity
vector and initiate circumnutation movements. This way, our numerical experiments suggest
that the youngest roots (as observed in [60]) might overshoot more than the older roots
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because they are more sensitive to gravity (behavior obtained with a greater value of w, in our
simulations, Fig 4). Besides, the diversity of root behavior obtained in simulation by setting dif-
ferent conditions (observable from the magenta lines in Fig 4 depicting the tip traces) matches
with the diversity observed in the path, period, and amplitude, among different plants [66] or
within the life of the same plant [67, 68]; thus suggesting that this variety of responses in plants
may be induced by different signal propagation velocity, sensitivity and root zonation that
might change according to the internal state of the plant (e.g., age, nutritional status, stress
conditions) [66, 69-71] or signal pathways [72, 73]. We note that the speed of signal propaga-
tion vy = 5D/hour and the average root growth rate of 1D/hour leads to a difference of a factor
of 5. That factor corresponds to the center of the cluster of the auxin speeds and growth rates
reported for 44 different species [74].

How gravity and mechanical stimuli interact and affect circumnutations

In addition to gravity, touch stimulation represents another critical factor influencing root
growth [12, 75]. Thigmotropism is the ability of plant roots to respond to mechanical stimuli
such as contact with obstacles. It has been observed that when a descending root encounters a
horizontal obstacle, it assumes a sigmoidal shape, and the tip slides against a barrier [76, 77].
Although both thigmotropism and gravitropism are believed to be involved in root-obstacle
interactions [76, 77] that may result in circumnutation movements [78], the underlying mech-
anisms of their interplay remain poorly understood. Here, we investigated these mechanisms
by simulating both a gravitropic signal, which made the root align with the gravity vector and
a thigmotropic signal, which stimulated the growth process in the area where the touch stimu-
lus occurred. Simulated roots can contact obstacles (including other roots) but cannot pene-
trate them. The simulated root (Fig 5A and 5B and S3 Video) displayed a sliding behavior
analogous to that of living roots [76, 77]. When sensitivities to gravitropic and thigmotropic
signals were the same (w, = w; = 0.5), the tip of the root maintained an angle of approximately
45° while sliding against the surface (Fig 5A, and see 54 Fig for a 3D case). Different values of
sensitivity to gravity w, led to different angles (Fig 5D); for instance, relatively small values of
wg (which approximates weak sensitivity to auxin) led to small angles (Fig 5C and 5D). These
results suggest that, since environmental cues affect plant hormone levels and responses over
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Fig 5. The interplay of gravity and touch responses. The sensitivity to gravitropic (w,) and thigmotropic (w,) signals
was set at (a) 0.5 and 0.5, (b) 0.1 and 0.9, and (c) 0.9 and 0.1, respectively. Colors show the rate (%) of elongation per h.
Magenta lines depict the trajectories of the tip. (d) Root angle w.r.t obstacle over time for roots with different wyand w,
= 1-w, for 7, = At (immediate update of touch signal) and 7, = 10 (immediate increase but a slow decrease of touch
signal).

https://doi.org/10.1371/journal.pone.0252202.9005
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time (see [15] for a review), the angle observed for a given plant root can be viewed as a proxy
to identify its current sensitivity to gravitropic and thigmotropic signals. These results also sug-
gest that the formation of a sigmoidal shape along the root apex (the curvature developed in
opposite directions in two regions [76, 77] is caused by the interplay of gravitropic and thig-
motropic responses and may not require other specific control mechanisms. Investigations on
different signal decays (7, = At and 7, = 10 hours) do not show relevant difference in root-to-
obstacle angle (Fig 5D) and root growth behavior when the sensitivity to gravitropic signal
(wg) is high. Whereas, with low wg, our numerical experiments show that root-obstacle interac-
tions result in circumnutation movements [78] when the inhibitory signal resulting from
touch raises much faster than it decays. An example of this root growth behavior is shown in
Fig 5B (case with w, = 0.1, w; = 0.9, 7, = 10), where the root performs circumnutation move-
ments characterized by a periodic touch of the obstacle and a loss of contact with it (the tip tra-
jectory is shown in magenta line). Such behavior suggests the presence of a mechanically
induced signaling memory driving the movements. In certain environmental conditions (e.g.,
highly heterogeneous soils), these movements might represent a useful response to avoid
obstacles instead of buckling against them.

The role of a possible internal oscillator driving circumnutations

Here, we hypothesize that, all other conditions being equal, circumnutation movements might
be adaptive movements initiated by a root endogenous control system to estimate gradient
information in the soil (e.g., water, salt, or temperature). This hypothesis, which we call the
Information Hypothesis, is driven by the fact that sensors for soil parameters are concentrated
at the root tip [79, 80] and may not accurately detect small gradient differences and orient the
root growth appropriately. Indeed, other biological systems with similar sensory constraints,
such as worms, display a similar waving behavior employing an internally dictated continuous
oscillation of the head, adopted by the animals for comparing nutrient concentration over
time and space in the environment while moving forward [59]. From this analogy and follow-
ing the suggestion of Darwin and Darwin [81], we considered the presence of an internal oscil-
latory apparatus which the root would use for resource exploration. This apparatus generates a
sinusoidal signal (Eq (11)) that controls the root growth as a function of a resource C defined
as the perceived concentration of environmental resources (salt, water, or temperature, e.g.)
according to the root preferences at time ¢. In contrast to our thigmotropic simulations, we do
not model individual resource concentration sensors but consider that the concentration of
the resource is measured at the very root tip as the aggregate measure of multiple, spatially-
close sensors of the root tip. We performed 1,000 simulations using vertically oriented roots in
a 2-D environment with a linear horizontal gradient of C (the gradient is built with a slope of
0.05 for every horizontal displacement of 1D, with a minimum of 0 and a maximum of 1, Fig
6A-6C and S4 Video) to evaluate the roots ability to increase the resource concentration mea-
sured at the tip after 30 h. We investigated different variants for the internal oscillatory appara-
tus with random settings of signal weight, speed of the signal propagation, frequency of the
internal oscillator, and distance from the elongation zone. The details of the corresponding
values are given in S5 Fig.

The results show that the internal oscillatory apparatus is sufficient to make the root grow
towards regions of higher resource concentrations with only one sensor at its tip (Fig 6A-6C).
Furthermore, the results indicate that the period and amplitude of circumnutation movements
(S5 Fig) depend on the increase or decrease of the resource concentrations perceived at the tip.
Different variants for the internal oscillatory apparatus resulted in different capabilities to
reach environmental regions with higher resource concentration (Fig 6A-6C). We also found
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Resource concentration

Fig 6. Roots navigate towards regions with higher resource concentration with circumnutation movements driven by an internal oscillatory
apparatus. The resource concentration ranges from 0 (blue color) and 1 (red color). In the rows are shown the roots navigation (a, b, ¢) in the presence of
only the resource signal active (w, = w; = 0, w;#0) and (d, e, f) as a result of the interplay between gravity and resource stimulus responses (w; = 0, w,7#0,
w,7#0). (a) A sample of navigation with root settings w; = 1, v; = 5D/hour, T, = 0.757, d = 3.0D. (b) The path for a root with settings w; = 0.25, v, = 10D/hour,
Ts=0.94m, d = 2.0D. (c) A sample of a non-regular pattern of circumnutation movements obtained with root settings w, = 0.75, v, = 2.5 D/hour, Ts = 1.07 7,
d = 4.5D. For simulations in (d, e, f), stimulus and gravity signals originate at the tip and propagate along the root with speed v, = vg = 5D/hour. The internal
oscillator outputs s, = 1 at d = 0 and ¢ which changes over time with frequency T = 7. Weights of resources and gravity for each root were: (d) wy = 0.9, w, =
0.1; (e) ws = 0.6, wg = 0.4; (f) wy = 0.1, wy = 0.9.

https://doi.org/10.1371/journal.pone.0252202.9006

that the internal oscillator allows roots to reach regions of higher resource concentrations in
3-D settings while also affected by gravity (Fig 6E). Fig 6D-6F show the interplay between
resource exploration and gravity stimulus by varying the corresponding weights. When the
root is parametrized to have a higher sensitivity to the resource stimulus than to gravity (Fig
6D), it reaches the region of the maximum C by performing helical circumnutation move-
ments. Then, it tends to stay in this region, almost unaffected by gravity. The root with compa-
rable sensitivities between stimulus and gravity (Fig 6E) also performed a helical path while
preserving their tip on average oriented towards gravity. Instead, the root dominated by the
gravitropic signal (f) grows downwards with a reduced amplitude of circumnutations and is
only slightly biased towards better values of C. These experiments suggest that the sensitivities
to different stimuli determine the growth patterns of plant roots by setting priorities in explor-
ing the environment (examples of circumnutation movements in 3D are presented in S5
Video).

How endogenous and exogenous signals act in root specialization

Finally, we investigate whether the presence of the internal oscillator suggests that circumnuta-
tions should be permanent. To this aim, we used our model to describe and analyze growth
movements and specialization of different root types (e.g., primary, secondary, crown roots)
[82] within the same root system, accounting for an internal oscillator, by assuming that
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Fig 7. An example of root specialization. We investigated whether the complex ramification of the plant root systems could be
approximated by the same relatively simple model for each root type, but with different root-specific (e.g., primary, secondary,
crown roots) and task-specific (e.g., gravity-, resource-sensitive) parameter values. (a) Different roots (crown, primary, seminal and
lateral roots) initialized with different sensitivity to gravitropic wg, thigmotropic w;, and resource w; signals to very roughly
approximate their possible behavior (e.g., the crown is initialized with negative gravitropism and upward growth by setting w, = -1,
seminal roots could be stimulated to circumnutate towards better environmental conditions barely affected by gravity when setting
ws = 0.7). All roots could avoid obstacles when setting w, = 0.2. (b) Simulation of root specialization with parameters given in (a).
Different kinds of roots were differently affected by the presence of the environmental resource, and the roots with greater w; to the
resource concentration C tended to grow towards the middle of the box where the maximum of C scaled between 0 (blue color) and

1 (red color).

https://doi.org/10.1371/journal.pone.0252202.9007

different root types have different sensitivities to environmental stimuli (e.g., gravity,
resources). Such specialization has been indeed observed in natural roots [83], particularly in
stress conditions [84-86]. We performed 3-D simulations with 4 different seeds (see Fig 7 and
S6 Video), which can grow differently parameterize roots such as crown roots (w, = 1, w, =
0.0, w; = 0.2), primary roots (wg = 0.95, w, = 0.05, w, = 0.2), seminal roots (w, = 0.05, w, = 0.95,
w, = 0.2) and lateral roots (w, = 0.7, w, = 0.3, w, = 0.2). The results showed that roots (here, pri-
mary roots) much more sensitive to gravity than environmental resources tend to grow down-
ward unaffected by the internal oscillator. On the other hand, roots sensitive to environmental
resources (here, seminal roots) employ circumnutation movements to accurately detect small
resource gradient differences (in line with our Information Hypothesis) and orient the root
growth towards better environmental conditions. Such behavior has not been shown yet in
real roots in the presence of nutrient gradients. Nevertheless, inhibitory effects of one stimulus
over another have been observed and described previously, like the case of salt over gravity
[70] or humidity over gravity [79]. Other supporting studies have shown oscillatory move-
ments of the root cap with a mean direction of growth towards the highest water potential
[87], and the reduction of circumnutations in the presence of aluminum [70]. However, how
root sensitivities are determined remains unclear, but they might result from the evolutionary
adaptation of plant species to the environment.

Conclusions

Circumnutation movements have been since long investigated and different hypotheses have
been formulated to explain their existence. Darwin and Darwin [81] suggested that circumnu-
tation movements are an endogenous process under plants’ internal control. In the 1960s, the
focus shifted towards the gravity-based hypothesis [61], which suggested that gravity can cause
overshooting and circumnutation movements. When experiments in outer space showed that
gravity is not a necessary condition for the appearance of circumnutation movements [62],
Darwin’s hypothesis regained popularity. The current consensus is that circumnutation
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movements have both endogenous and exogenous origin [66], but due to difficulties in obser-
vation and disambiguation of roots behavior, the purpose (if any) of these movements remains
poorly understood.

Here, we propose a computational model to simulate growth patterns of plant roots given
different internal and external conditions and analyze the emergence and the role of circum-
nutation movements. In the model, the surface of the root is viewed as covered by artificial
neuron-like nodes sensitive to input signals and working as a continuous-time recurrent neu-
ral network, through which the signal is propagated along the growth region (defined here by
root zonation), where the differential growth can be actuated as a response. The analogy with a
time recurrent neural network is justified by the fact that the imprint of environmental stimuli
throughout time defines the phenotype of the plant [88, 89], actuated by processes adapted
through evolution that exhibit a sort of memory of the environmental changes throughout the
plant lifetime [39, 88].

According to the several theories formulated about the origin of circumnutations, we inves-
tigate over multiple parameters, such as root zonation, signal sensitivity, and propagation
speed, to identify the conditions for circumnuations to emerge in the presence of exogenous
stimulation and an endogenous control system. Specifically, by using our computational
model, we first investigate the effects of the single gravitropic signal, tactile stimulation by plac-
ing barriers in front of the growth pattern, and considering tactile and gravity signals in inter-
action. Then, we introduce an endogenous oscillatory control system.

Ultimately, the proposed computational model suggests that circumnutations can emerge
a) as an overshooting of the gravity vector when gravitropic signals are slow w.r.t. the root
growth rate, b) as a result of root-obstacle interactions when touch-mediated root inhibition
response raises faster than it decays, c) as a result of an internal oscillator as predicted by Dar-
win and Darwin [81]. All other factors being equal, the latter finding suggests that circumnuta-
tions could play a functional role in detecting and reacting to environmental gradients.

Supporting information

S1 Fig. Examples of root growth with a different parametrization of signal and growth
response surfaces. (a) An aggregated signal response surface in time t, distance d from the tip
along the center of the root normalized by D, and angle ¢ w.r.t. r, which is used as a reference
curve (black lines in (c), (f), and (i)). The present aggregated signal response surface has no
inhibited/excited regions. Colors in (a), (d), and (g) show the amplitude of the aggregated sig-
nal. (b) A baseline growth response surface defines the zones of faster/slower elongation. Col-
ors in (b), (c), (e), (f), (h), and (i) show the rate (%) of elongation per h. (c) A straight root with
the reference curve depicted by a black curve. Aggregated signal response (d) and growth
response (e) surfaces after 2 h of excitation signals originating at (d = 0, ¢ = 0) and propagating
along the root with a speed of 5D per h lead to a 2-D bending as shown in (f). The same excita-
tion signals originated at d = 0, but with a periodically changing angle ¢ in [-m,+7], as ¢(t) =
2+ G fort=0,...,10h (g, h) lead to a 3-D helical growth (i).

(TIF)

S2 Fig. Quantification of circumnutation movements. (a, d, g) Three examples of roots per-
forming circumnutation movements driven by an internal oscillatory apparatus. (b, e, h) The
normalized growth rate on one side of the root versus time. The red points correspond to the
minima and maxima growth rate, and, thus, to the maxima differential growth. The time dif-
ference between the red points is used to compute the periods of circumnutation movements.
(¢, £, 1) The red points detected in (b, e, h) are translated into the original coordinate system.
By taking any three consecutive red points p;, p,, p3 it is possible to estimate the amplitude of
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one cycle of circumnutations as || 2222 — p, ||, i.e., the distance between the second point and a
mean position between the first and the third points.

(TIF)

S3 Fig. Effects of signaling parametrization on root gravitropism. The results in (a) and (b)
show the root angle w.r.t. the gravity vector versus time for Fig 4A and 4B, respectively. (c)
The mean elongation rates versus distance from the tip for (a) and (b) together with the
median, first and third quartiles of differential elongation rates. The twice more distant loca-
tion of the main growth zones in (b) compared to (a) statistically significant (Wilcoxon rank-
sum test, p = 107°) by a factor of 1.68 increases the median amplitude of differential growth
(), the dynamic change of the latter causes circumnutations.

(TIF)

$4 Fig. Modeling of thigmotropism. A 3-D example of root interacting with obstacles, with
wg = 0.5, wg = 0.5, w, = 0.5. The projections of the root tip trajectories are depicted by magenta
lines.

(TIF)

S5 Fig. Likelihood of parameters in selected groups. The results of 1,000 experiments with
initially vertically oriented roots in a 2-D environment with a linear gradient of C, as shown in
Fig 6A-6C. The signaling apparatus of each root was parametrized with uniformly randomly
generated stimulus signal weight w,€[0, 1], speed of signal propagation v,€[0, 10]D/hour,
baseline oscillator frequency T,€[0,27], location of the peak of elongation d€[0.5, 5.5]D. The

C(30)-C(0)
c(0)co) < [-1,1] w.

r.t. the best possible C*(30). Ranked after f, 5 non-exclusive groups were selected: G; with best
5% roots and median f= 0.8156, G, with best 25% and f = 0.6925, G5 with worst 25% and f=
-0.524, G4 with worst 5% and f = -0.706, and G5 with all roots and f= 0.0671. (a-d) The likeli-
hood (measured by kernel density estimation as in [89]) of each group to have specific parame-

performance of each root was measured after 30 simulated hours as f =

ter settings. The best performing roots (group Gj, an example is given in Fig 3A) are more
likely to have stronger sensitivity to stimulus (see a), faster speed of signal propagation (see b)
and distant growth zones (see d). They must have a particular frequency T, of the internal
oscillator (see c) which separates them from the other roots (see a-d), including the worst roots
(group G4) which are more likely to have a smaller frequency T. Surprisingly, G, roots grow
towards worse values of C which suggests that their coordination is efficient, but the sign of
AC should be negative. (e, f) Likelihood for a reduced group of 812 roots demonstrating cir-
cumnutations (at least one cycle, see S2 Fig), the most successful roots are more likely to have
amplitudes of circumnutations in the order of 1D and periods in the order of 1 hour.

(TIF)

S1 Video. Examples of 2-D and 3-D growth.
(MP4)

$2 Video. Examples of gravitropic responses.
(MP4)

$3 Video. Examples of thigmotropic responses.
(MP4)

$4 Video. Examples of circumnutation movements in 2-D.
(MP4)
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S5 Video. Examples of circumnutation movements in 3-D.
(MP4)

$6 Video. Examples of root specialization.
(MP4)

S1 File.
(DOCX)

Author Contributions

Conceptualization: Ilya Loshchilov, Dario Floreano.
Funding acquisition: Barbara Mazzolai, Dario Floreano.
Investigation: Ilya Loshchilov, Emanuela Del Dottore.
Methodology: Ilya Loshchilov.

Resources: Dario Floreano.

Software: Ilya Loshchilov.

Supervision: Dario Floreano.

Validation: Emanuela Del Dottore.

Visualization: Ilya Loshchilov, Emanuela Del Dottore.
Writing - original draft: Ilya Loshchilov, Dario Floreano.

Writing - review & editing: Emanuela Del Dottore, Barbara Mazzolai, Dario Floreano.

References

1. Vanneste S, Friml J. Auxin: A Trigger for Change in Plant Development. Cell [Internet]. 2009 Mar [cited
2020 Oct 8]; 136(6):1005—16. Available from: https://linkinghub.elsevier.com/retrieve/pii/
S009286740900258X. https://doi.org/10.1016/j.cell.2009.03.001 PMID: 19303845

2. Robert HS, Friml J. Auxin and other signals on the move in plants. Nature Chemical Biology [Internet].
2009 May [cited 2020 Oct 8]; 5(5):325—-32. Available from: http://www.nature.com/articles/nchembio.
170. https://doi.org/10.1038/nchembio.170 PMID: 19377459

3. Esmon CA, Pedmale UV, Liscum E. Plant tropisms: providing the power of movement to a sessile
organism. The International Journal of Developmental Biology [Internet]. 2005 [cited 2019 Jul 26]; 49
(5-6):665—74. Available from: http://www.intjdevbiol.com/paper.php?doi=052028ce. https://doi.org/10.
1387/ijdb.052028ce PMID: 16096973

4. Gomez-Roldan V, Fermas S, Brewer PB, Puech-Pages V, Dun EA, Pillot J-P, et al. Strigolactone inhibi-
tion of shoot branching. Nature [Internet]. 2008 Sep [cited 2020 Oct 8]; 455(7210):189-94. Available
from: http://www.nature.com/articles/nature07271. https://doi.org/10.1038/nature07271 PMID:
18690209

5. Umehara M, Hanada A, Yoshida S, Akiyama K, Arite T, Takeda-Kamiya N, et al. Inhibition of shoot
branching by new terpenoid plant hormones. Nature [Internet]. 2008 Sep [cited 2020 Oct 8]; 455
(7210):195-200. Available from: http://www.nature.com/articles/nature07272. https://doi.org/10.1038/
nature07272 PMID: 18690207

6. Lopez-Bucio J, Hernandez-Abreu E, Sanchez-Calderdn L, Pérez-Torres A, Rampey RA, Bartel B, et al.
An Auxin Transport Independent Pathway Is Involved in Phosphate Stress-Induced Root Architectural
Alterations in Arabidopsis. Identification of BIG as a Mediator of Auxin in Pericycle Cell Activation. Plant
Physiology [Internet]. 2005 Feb [cited 2020 Oct 8]; 137(2):681-91. Available from: http://www.
plantphysiol.org/lookup/doi/10.1104/pp.104.049577. PMID: 15681664

7. Hamann T, Mayer U, Jirgens G. The auxin-insensitive bodenlos mutation affects primary root formation
and apical-basal patterning in the Arabidopsis embryo. Development (Cambridge, England). 1999 Apr;
126(7):1387-95. PMID: 10068632

PLOS ONE | https://doi.org/10.1371/journal.pone.0252202 May 26, 2021 17/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252202.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252202.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252202.s012
https://linkinghub.elsevier.com/retrieve/pii/S009286740900258X
https://linkinghub.elsevier.com/retrieve/pii/S009286740900258X
https://doi.org/10.1016/j.cell.2009.03.001
http://www.ncbi.nlm.nih.gov/pubmed/19303845
http://www.nature.com/articles/nchembio.170
http://www.nature.com/articles/nchembio.170
https://doi.org/10.1038/nchembio.170
http://www.ncbi.nlm.nih.gov/pubmed/19377459
http://www.intjdevbiol.com/paper.php?doi=052028ce
https://doi.org/10.1387/ijdb.052028ce
https://doi.org/10.1387/ijdb.052028ce
http://www.ncbi.nlm.nih.gov/pubmed/16096973
http://www.nature.com/articles/nature07271
https://doi.org/10.1038/nature07271
http://www.ncbi.nlm.nih.gov/pubmed/18690209
http://www.nature.com/articles/nature07272
https://doi.org/10.1038/nature07272
https://doi.org/10.1038/nature07272
http://www.ncbi.nlm.nih.gov/pubmed/18690207
http://www.plantphysiol.org/lookup/doi/10.1104/pp.104.049577
http://www.plantphysiol.org/lookup/doi/10.1104/pp.104.049577
http://www.ncbi.nlm.nih.gov/pubmed/15681664
http://www.ncbi.nlm.nih.gov/pubmed/10068632
https://doi.org/10.1371/journal.pone.0252202

PLOS ONE

Conditions for the emergence of circumnutations in plant roots

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

Davies PJ, editor. Plant hormones: biosythesis, signal transduction, action! 3rd ed. Dordrecht; Boston:
Kluwer Academic; 2004. 16 p.

Mahonen AP, Tusscher K ten, Siligato R, Smetana O, Diaz-Trivifio S, Salojarvi J, et al. PLETHORA gra-
dient formation mechanism separates auxin responses. Nature [Internet]. 2014 Nov [cited 2020 Oct 8];
515(7525):125-9. Available from: http://www.nature.com/articles/nature13663. https://doi.org/10.1038/
nature13663 PMID: 25156253

Di Mambro R, De Ruvo M, Pacifici E, Salvi E, Sozzani R, Benfey PN, et al. Auxin minimum triggers the
developmental switch from cell division to cell differentiation in the Arabidopsis root. Proceedings of the
National Academy of Sciences [Internet]. 2017 Sep 5 [cited 2020 Oct 8]; 114(36):E7641-9. Available
from: http://www.pnas.org/lookup/doi/10.1073/pnas.1705833114. PMID: 28831001

Migliaccio F, Tassone P, Fortunati A. Circumnutation as an autonomous root movement in plants.
American journal of botany. 2013; 100(1):4—13. https://doi.org/10.3732/ajb.1200314 PMID: 23243099

Okada K, Shimura Y. Reversible Root Tip Rotation in Arabidopsis Seedlings Induced by Obstacle-
Touching Stimulus. Science. 1990; 250(4978):274—6. https://doi.org/10.1126/science.250.4978.274
PMID: 17797309

Choi W-G, Toyota M, Kim S-H, Hilleary R, Gilroy S. Salt stress-induced Ca2+ waves are associated
with rapid, long-distance root-to-shoot signaling in plants. Proceedings of the National Academy of Sci-
ences [Internet]. 2014 Apr 29 [cited 2020 Oct 8]; 111(17):6497-502. Available from: http://www.pnas.
org/cgi/doi/10.1073/pnas.1319955111. PMID: 24706854

Santner A, Calderon-Villalobos LIA, Estelle M. Plant hormones are versatile chemical regulators of
plant growth. Nature Chemical Biology [Internet]. 2009 May [cited 2020 Oct 8]; 5(5):301—7. Available
from: http://www.nature.com/articles/nchembio.165. https://doi.org/10.1038/nchembio. 165 PMID:
19377456

Johnsson A, Israelsson D. Application of a theory for circumnutations to geotropic movements. Physio-
logia Plantarum. 1968; 21(2):282-91.

Shabala SN, Newman IA. Root nutation modelled by two ion flux-linked growth waves around the root.
Physiologia Plantarum. 1997; 101(4):770-6.

Inoue N, Arase T, Hagiwara M, Amano T, Hayashi T, Ikeda R. Ecological significance of root tip rotation
for seedling establishment of Oryza sativa L. Ecological Research. 1999; 14(1):31-8.

Fisher JE. Evidence of circumnutational growth movements of rhizomes of Poa pratensis L. that aid in
soil penetration. Canadian Journal of Botany. 1964; 42(3):293-9.

Del Dottore E, Mondini A, Sadeghi A, Mattoli V, Mazzolai B. Circumnutations as a penetration strategy
in a plant-root-inspired robot. In: Robotics and Automation (ICRA), 2016 IEEE International Conference
on. IEEE; 2016. p. 4722-8.

Del Dottore E, Mondini A, Sadeghi A, Mattoli V, Mazzolai B. An efficient soil penetration strategy for
explorative robots inspired by plant root circumnutation movements. Bioinspiration & biomimetics.
2017; 13(1):015003. https://doi.org/10.1088/1748-3190/aa9998 PMID: 29123076

Malamy JE. Intrinsic and environmental response pathways that regulate root system architecture.
Plant, Cell and Environment [Internet]. 2005 Jan [cited 2020 Oct 8]; 28(1):67—77. Available from: http://
doi.wiley.com/10.1111/j.1365-3040.2005.01306.x. PMID: 16021787

Gray WM. Hormonal Regulation of Plant Growth and Development. PLoS Biology [Internet]. 2004 Sep
14 [cited 2020 Oct 8]; 2(9):e311. Available from: https://dx.plos.org/10.1371/journal.pbio.0020311.
https://doi.org/10.1371/journal.pbio.0020311 PMID: 15367944

Rubio V, Bustos R, Irigoyen ML, Cardona-Lépez X, Rojas-Triana M, Paz-Ares J. Plant hormones and
nutrient signaling. Plant Molecular Biology [Internet]. 2009 Mar [cited 2020 Oct 8]; 69(4):361-73. Avail-
able from: http://link.springer.com/10.1007/s11103-008-9380-y. https://doi.org/10.1007/s11103-008-
9380-y PMID: 18688730

Bastien R, Bohr T, Moulia B, Douady S. Unifying model of shoot gravitropism reveals proprioception as
a central feature of posture control in plants. Proceedings of the National Academy of Sciences [Inter-
net]. 2013 Jan 8 [cited 2019 Jul 26]; 110(2):755—-60. Available from: http://www.pnas.org/cgi/doi/10.
1073/pnas.1214301109. PMID: 23236182

Bastien R, Douady S, Moulia B. A unifying modeling of plant shoot gravitropism with an explicit account
of the effects of growth. Frontiers in Plant Science [Internet]. 2014 Apr 14 [cited 2021 Feb 6]; 5. Avail-
able from: http://journal.frontiersin.org/article/10.3389/fpls.2014.00136/abstract.

Meroz Y, Bastien R, Mahadevan L. Spatio-temporal integration in plant tropisms. Journal of The Royal
Society Interface [Internet]. 2019 May 31 [cited 2019 Jul 26]; 16(154):20190038. Available from: https://
royalsocietypublishing.org/doi/10.1098/rsif.2019.0038. PMID: 31088258

PLOS ONE | https://doi.org/10.1371/journal.pone.0252202 May 26, 2021 18/22


http://www.nature.com/articles/nature13663
https://doi.org/10.1038/nature13663
https://doi.org/10.1038/nature13663
http://www.ncbi.nlm.nih.gov/pubmed/25156253
http://www.pnas.org/lookup/doi/10.1073/pnas.1705833114
http://www.ncbi.nlm.nih.gov/pubmed/28831001
https://doi.org/10.3732/ajb.1200314
http://www.ncbi.nlm.nih.gov/pubmed/23243099
https://doi.org/10.1126/science.250.4978.274
http://www.ncbi.nlm.nih.gov/pubmed/17797309
http://www.pnas.org/cgi/doi/10.1073/pnas.1319955111
http://www.pnas.org/cgi/doi/10.1073/pnas.1319955111
http://www.ncbi.nlm.nih.gov/pubmed/24706854
http://www.nature.com/articles/nchembio.165
https://doi.org/10.1038/nchembio.165
http://www.ncbi.nlm.nih.gov/pubmed/19377456
https://doi.org/10.1088/1748-3190/aa9998
http://www.ncbi.nlm.nih.gov/pubmed/29123076
http://doi.wiley.com/10.1111/j.1365-3040.2005.01306.x
http://doi.wiley.com/10.1111/j.1365-3040.2005.01306.x
http://www.ncbi.nlm.nih.gov/pubmed/16021787
https://dx.plos.org/10.1371/journal.pbio.0020311
https://doi.org/10.1371/journal.pbio.0020311
http://www.ncbi.nlm.nih.gov/pubmed/15367944
http://link.springer.com/10.1007/s11103-008-9380-y
https://doi.org/10.1007/s11103-008-9380-y
https://doi.org/10.1007/s11103-008-9380-y
http://www.ncbi.nlm.nih.gov/pubmed/18688730
http://www.pnas.org/cgi/doi/10.1073/pnas.1214301109
http://www.pnas.org/cgi/doi/10.1073/pnas.1214301109
http://www.ncbi.nlm.nih.gov/pubmed/23236182
http://journal.frontiersin.org/article/10.3389/fpls.2014.00136/abstract
https://royalsocietypublishing.org/doi/10.1098/rsif.2019.0038
https://royalsocietypublishing.org/doi/10.1098/rsif.2019.0038
http://www.ncbi.nlm.nih.gov/pubmed/31088258
https://doi.org/10.1371/journal.pone.0252202

PLOS ONE

Conditions for the emergence of circumnutations in plant roots

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

Chelakkot R, Mahadevan L. On the growth and form of shoots. Journal of The Royal Society Interface
[Internet]. 2017 Mar [cited 2021 Feb 6]; 14(128):20170001. Available from: https://
royalsocietypublishing.org/doi/10.1098/rsif.2017.0001. PMID: 28330990

Pouliquen O, Forterre Y, Bérut A, Chauvet H, Bizet F, Legué V, et al. A new scenario for gravity detec-

tion in plants: the position sensor hypothesis. Physical Biology [Internet]. 2017 May 23 [cited 2021 Feb

6]; 14(3):035005. Available from: https://iopscience.iop.org/article/10.1088/1478-3975/aa6876. hitps://
doi.org/10.1088/1478-3975/aa6876 PMID: 28535150

Agostinelli D, Lucantonio A, Noselli G, DeSimone A. Nutations in growing plant shoots: The role of elas-
tic deformations due to gravity loading. Journal of the Mechanics and Physics of Solids [Internet]. 2020
Mar [cited 2021 Feb 6]; 136:103702. Available from: https:/linkinghub.elsevier.com/retrieve/pii/
S0022509619306106.

Zieschang HE, Brain P, Barlow PW. Modelling of Root Growth and Bending in Two Dimensions. Journal
of Theoretical Biology [Internet]. 1997 Feb [cited 2021 Feb 6]; 184(3):237—46. Available from: hitps://
linkinghub.elsevier.com/retrieve/pii/S0022519396902593. https://doi.org/10.1006/jtbi.1996.0259
PMID: 11536796

Tsutsumi D, Kosugi K, Mizuyama T. Root-System Development and Water-Extraction Model Consider-
ing Hydrotropism. Soil Science Society of America Journal [Internet]. 2003 Mar [cited 2020 Oct 8]; 67
(2):387—401. Available from: http://doi.wiley.com/10.2136/sss2j2003.3870.

Dyson RJ, Vizcay-Barrena G, Band LR, Fernandes AN, French AP, Fozard JA, et al. Mechanical
modelling quantifies the functional importance of outer tissue layers during root elongation and bending.
New Phytologist [Internet]. 2014 Jun [cited 2021 Feb 6]; 202(4):1212-22. Available from: http://doi.
wiley.com/10.1111/nph.12764. PMID: 24641449

Godin C, Sinoquet H. Functional-structural plant modelling: Commentary. New Phytologist [Internet].
2005 May 3 [cited 2020 Oct 8]; 166(3):705—-8. Available from: http://doi.wiley.com/10.1111/j.1469-8137.
2005.01445.x.

Dupuy L, Gregory PJ, Bengough AG. Root growth models: towards a new generation of continuous
approaches. Journal of experimental botany. 2010;erp389. https://doi.org/10.1093/jxb/erp389 PMID:
20106912

Dunbabin VM, Postma JA, Schnepf A, Pagés L, Javaux M, Wu L, et al. Modelling root—soil interactions
using three—dimensional models of root growth, architecture and function. Plant and Soil [Internet].
2013 Nov [cited 2020 Oct 8]; 372(1-2):93—124. Available from: http://link.springer.com/10.1007/
$11104-013-1769-y.

Swarup R, Kramer EM, Perry P, Knox K, Leyser HMO, Haseloff J, et al. Root gravitropism requires lat-
eral root cap and epidermal cells for transport and response to a mobile auxin signal. Nature Cell Biol-
ogy [Internet]. 2005 Nov [cited 2020 Oct 8]; 7(11):1057—65. Available from: http://www.nature.com/
articles/ncb1316. https://doi.org/10.1038/ncb1316 PMID: 16244669

Band LR, Wells DM, Fozard JA, Ghetiu T, French AP, Pound MP, et al. Systems Analysis of Auxin
Transport in the Arabidopsis Root Apex. The Plant Cell [Internet]. 2014 Mar [cited 2020 Oct 8]; 26
(3):862—75. Available from: http://www.plantcell.org/lookup/doi/10.1105/tpc.113.119495. PMID:
24632533

Nemhauser JL, Hong F, Chory J. Different Plant Hormones Regulate Similar Processes through Largely
Nonoverlapping Transcriptional Responses. Cell [Internet]. 2006 Aug [cited 2020 Oct 8]; 126(3):467—
75. Available from: https://linkinghub.elsevier.com/retrieve/pii/S0092867406009111. https://doi.org/10.
1016/j.cell.2006.05.050 PMID: 16901781

Bray D. Protein molecules as computational elements in living cells. Nature [Internet]. 1995 Jul [cited
2020 Oct 8]; 376(6538):307—12. Available from: http://www.nature.com/articles/376307a0. https://doi.
org/10.1038/376307a0 PMID: 7630396

Baluska F. Recent surprising similarities between plant cells and neurons. Plant Signaling & Behavior
[Internet]. 2010 Feb [cited 2020 Oct 8]; 5(2):87-9. Available from: http://www.tandfonline.com/doi/abs/
10.4161/psb.5.2.11237. PMID: 20150757

Scheres B, van der Putten WH. The plant perceptron connects environment to development. Nature
[Internet]. 2017 Mar [cited 2020 Feb 5]; 543(7645):337—45. Available from: http://www.nature.com/
articles/nature22010. https://doi.org/10.1038/nature22010 PMID: 28300110

Alpi A, Amrhein N, Bertl A, Blatt MR, Blumwald E, Cervone F, et al. Plant neurobiology: no brain, no
gain? Trends in Plant Science [Internet]. 2007 Apr [cited 2021 Feb 6]; 12(4):135-6. Available from:
https://linkinghub.elsevier.com/retrieve/pii/S1360138507000568. https://doi.org/10.1016/j.tplants.2007.
03.002 PMID: 17368081

Trewavas A. Response to Alpi et al.: Plant neurobiology—all metaphors have value. Trends in Plant Sci-
ence [Internet]. 2007 Jun [cited 2021 Feb 6]; 12(6):231-3. Available from: https:/linkinghub.elsevier.
com/retrieve/pii/S136013850700101X. https://doi.org/10.1016/j.tplants.2007.04.006 PMID: 17499006

PLOS ONE | https://doi.org/10.1371/journal.pone.0252202 May 26, 2021 19/22


https://royalsocietypublishing.org/doi/10.1098/rsif.2017.0001
https://royalsocietypublishing.org/doi/10.1098/rsif.2017.0001
http://www.ncbi.nlm.nih.gov/pubmed/28330990
https://iopscience.iop.org/article/10.1088/1478-3975/aa6876
https://doi.org/10.1088/1478-3975/aa6876
https://doi.org/10.1088/1478-3975/aa6876
http://www.ncbi.nlm.nih.gov/pubmed/28535150
https://linkinghub.elsevier.com/retrieve/pii/S0022509619306106
https://linkinghub.elsevier.com/retrieve/pii/S0022509619306106
https://linkinghub.elsevier.com/retrieve/pii/S0022519396902593
https://linkinghub.elsevier.com/retrieve/pii/S0022519396902593
https://doi.org/10.1006/jtbi.1996.0259
http://www.ncbi.nlm.nih.gov/pubmed/11536796
http://doi.wiley.com/10.2136/sssaj2003.3870
http://doi.wiley.com/10.1111/nph.12764
http://doi.wiley.com/10.1111/nph.12764
http://www.ncbi.nlm.nih.gov/pubmed/24641449
http://doi.wiley.com/10.1111/j.1469-8137.2005.01445.x
http://doi.wiley.com/10.1111/j.1469-8137.2005.01445.x
https://doi.org/10.1093/jxb/erp389
http://www.ncbi.nlm.nih.gov/pubmed/20106912
http://link.springer.com/10.1007/s11104-013-1769-y
http://link.springer.com/10.1007/s11104-013-1769-y
http://www.nature.com/articles/ncb1316
http://www.nature.com/articles/ncb1316
https://doi.org/10.1038/ncb1316
http://www.ncbi.nlm.nih.gov/pubmed/16244669
http://www.plantcell.org/lookup/doi/10.1105/tpc.113.119495
http://www.ncbi.nlm.nih.gov/pubmed/24632533
https://linkinghub.elsevier.com/retrieve/pii/S0092867406009111
https://doi.org/10.1016/j.cell.2006.05.050
https://doi.org/10.1016/j.cell.2006.05.050
http://www.ncbi.nlm.nih.gov/pubmed/16901781
http://www.nature.com/articles/376307a0
https://doi.org/10.1038/376307a0
https://doi.org/10.1038/376307a0
http://www.ncbi.nlm.nih.gov/pubmed/7630396
http://www.tandfonline.com/doi/abs/10.4161/psb.5.2.11237
http://www.tandfonline.com/doi/abs/10.4161/psb.5.2.11237
http://www.ncbi.nlm.nih.gov/pubmed/20150757
http://www.nature.com/articles/nature22010
http://www.nature.com/articles/nature22010
https://doi.org/10.1038/nature22010
http://www.ncbi.nlm.nih.gov/pubmed/28300110
https://linkinghub.elsevier.com/retrieve/pii/S1360138507000568
https://doi.org/10.1016/j.tplants.2007.03.002
https://doi.org/10.1016/j.tplants.2007.03.002
http://www.ncbi.nlm.nih.gov/pubmed/17368081
https://linkinghub.elsevier.com/retrieve/pii/S136013850700101X
https://linkinghub.elsevier.com/retrieve/pii/S136013850700101X
https://doi.org/10.1016/j.tplants.2007.04.006
http://www.ncbi.nlm.nih.gov/pubmed/17499006
https://doi.org/10.1371/journal.pone.0252202

PLOS ONE

Conditions for the emergence of circumnutations in plant roots

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Brenner ED, Stahlberg R, Mancuso S, Baluska F, Van Volkenburgh E. Response to Alpi et al.: Plant
neurobiology: the gain is more than the name. Trends in Plant Science [Internet]. 2007 Jul [cited 2021
Feb 6]; 12(7):285-6. Available from: https:/linkinghub.elsevier.com/retrieve/pii/S1360138507001367.
https://doi.org/10.1016/j.tplants.2007.06.005 PMID: 17591455

Taiz L, Alkon D, Draguhn A, Murphy A, Blatt M, Hawes C, et al. Plants Neither Possess nor Require
Consciousness. Trends in Plant Science [Internet]. 2019 Aug [cited 2021 Feb 6]; 24(8):677-87. Avail-
able from: https://linkinghub.elsevier.com/retrieve/pii/S1360138519301268. https://doi.org/10.1016/j.
tplants.2019.05.008 PMID: 31279732

Brenner ED, Stahlberg R, Mancuso S, Vivanco J, Baluska F, Van Volkenburgh E. Plant neurobiology:
an integrated view of plant signaling. Trends in Plant Science [Internet]. 2006 Aug [cited 2021 Feb 6]; 11
(8):413-9. Available from: https://linkinghub.elsevier.com/retrieve/pii/S1360138506001646. https://doi.
org/10.1016/j.tplants.2006.06.009 PMID: 16843034

Wolters H, Jirgens G. Survival of the flexible: hormonal growth control and adaptation in plant develop-
ment. Nature Reviews Genetics [Internet]. 2009 May [cited 2020 Oct 8]; 10(5):305—17. Available from:
http://www.nature.com/articles/nrg2558. https://doi.org/10.1038/nrg2558 PMID: 19360022

Verbelen J-P, Cnodder TD, Le J, Vissenberg K, Baluska F. The root apex of Arabidopsis thaliana con-
sists of four distinct zones of growth activities: meristematic zone, transition zone, fast elongation zone
and growth terminating zone. Plant signaling & behavior. 2006; 1(6):296—-304. https://doi.org/10.4161/
psb.1.6.3511 PMID: 19517000

Luxova M. Growth region of the primary root of maize (Zea mays L.). In: Brouwer R, Gasparikova O,
Kolek J, Loughman BC, editors. Structure and Function of Plant Roots [Internet]. Dordrecht: Springer
Netherlands; 1981 [cited 2021 Feb 6]. p. 9—14. Available from: http://link.springer.com/10.1007/978-94-
009-8314-4_2.

Beemster GTS, Baskin Tl. Analysis of Cell Division and Elongation Underlying the Developmental
Acceleration of Root Growth in Arabidopsis thaliana. Plant Physiology [Internet]. 1998 Apr 1 [cited 2020
Oct 8]; 116(4):1515-26. Available from: http://www.plantphysiol.org/lookup/doi/10.1104/pp.116.4.1515.
PMID: 9536070

Sharp RE. Root growth maintenance during water deficits: physiology to functional genomics. Journal
of Experimental Botany [Internet]. 2004 Sep 10 [cited 2020 Oct 8]; 55(407):2343-51. Available from:
https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erh276. PMID: 15448181

Thitamadee S, Tuchihara K, Hashimoto T. Microtubule basis for left-handed helical growth in Arabidop-
sis. Nature [Internet]. 2002 May [cited 2021 Feb 6]; 417(6885):193—-6. Available from: http://www.
nature.com/articles/417193a. https://doi.org/10.1038/417193a PMID: 12000963

Migliaccio F, Piconese S. Spiralizations and tropisms in Arabidopsis roots. Trends in Plant Science
[Internet]. 2001 Dec [cited 2021 Feb 6]; 6(12):561-5. Available from: https://linkinghub.elsevier.com/
retrieve/pii/S1360138501021525. https://doi.org/10.1016/s1360-1385(01)02152-5 PMID: 11738380

Julkowska MM, Testerink C. Tuning plant signaling and growth to survive salt. Trends in Plant Science
[Internet]. 2015 Sep [cited 2021 Feb 6]; 20(9):586-94. Available from: https:/linkinghub.elsevier.com/
retrieve/pii/S1360138515001727. https://doi.org/10.1016/j.tplants.2015.06.008 PMID: 26205171

Funahashi K, Nakamura Y. Approximation of dynamical systems by continuous time recurrent neural
networks. Neural Networks [Internet]. 1993 Jan [cited 2020 Oct 8]; 6(6):801—6. Available from: https://
linkinghub.elsevier.com/retrieve/pii/S089360800580125X.

Beer RD. On the Dynamics of Small Continuous-Time Recurrent Neural Networks. Adaptive Behavior
[Internet]. 1995 Mar [cited 2020 Oct 8]; 3(4):469-509. Available from: http://journals.sagepub.com/doi/
10.1177/105971239500300405.

Mullen JL, Ishikawa H, Evans ML. Analysis of changes in relative elemental growth rate patterns in the
elongation zone of Arabidopsis roots upon gravistimulation. Planta [Internet]. 1998 Oct 7 [cited 2020
Oct 8]; 206(4):598-603. Available from: http:/link.springer.com/10.1007/s004250050437. https://doi.
org/10.1007/s004250050437 PMID: 9821690

Taylor |, Lehner K, McCaskey E, Nirmal N, Ozkan-Aydin Y, Murray-Cooper M, et al. Mechanism and
function of root circumnutation. Proc Natl Acad Sci USA [Internet]. 2021 Feb 23 [cited 2021 May 1]; 118
(8):62018940118. Available from: http://www.pnas.org/lookup/doi/10.1073/pnas.2018940118. PMID:
33608460

Izquierdo EJ, Beer RD. Connecting a Connectome to Behavior: An Ensemble of Neuroanatomical Mod-
els of C. elegans Klinotaxis. Graham LJ, editor. PLoS Computational Biology [Internet]. 2013 Feb 7
[cited 2020 Oct 8]; 9(2):e1002890. Available from: https://dx.plos.org/10.1371/journal.pcbi.1002890.
https://doi.org/10.1371/journal.pcbi.1002890 PMID: 23408877

Durham Brooks TL, Miller ND, Spalding EP. Plasticity of Arabidopsis Root Gravitropism throughout a
Multidimensional Condition Space Quantified by Automated Image Analysis. Plant Physiology

PLOS ONE | https://doi.org/10.1371/journal.pone.0252202 May 26, 2021 20/22


https://linkinghub.elsevier.com/retrieve/pii/S1360138507001367
https://doi.org/10.1016/j.tplants.2007.06.005
http://www.ncbi.nlm.nih.gov/pubmed/17591455
https://linkinghub.elsevier.com/retrieve/pii/S1360138519301268
https://doi.org/10.1016/j.tplants.2019.05.008
https://doi.org/10.1016/j.tplants.2019.05.008
http://www.ncbi.nlm.nih.gov/pubmed/31279732
https://linkinghub.elsevier.com/retrieve/pii/S1360138506001646
https://doi.org/10.1016/j.tplants.2006.06.009
https://doi.org/10.1016/j.tplants.2006.06.009
http://www.ncbi.nlm.nih.gov/pubmed/16843034
http://www.nature.com/articles/nrg2558
https://doi.org/10.1038/nrg2558
http://www.ncbi.nlm.nih.gov/pubmed/19360022
https://doi.org/10.4161/psb.1.6.3511
https://doi.org/10.4161/psb.1.6.3511
http://www.ncbi.nlm.nih.gov/pubmed/19517000
http://link.springer.com/10.1007/978-94-009-8314-4_2
http://link.springer.com/10.1007/978-94-009-8314-4_2
http://www.plantphysiol.org/lookup/doi/10.1104/pp.116.4.1515
http://www.ncbi.nlm.nih.gov/pubmed/9536070
https://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erh276
http://www.ncbi.nlm.nih.gov/pubmed/15448181
http://www.nature.com/articles/417193a
http://www.nature.com/articles/417193a
https://doi.org/10.1038/417193a
http://www.ncbi.nlm.nih.gov/pubmed/12000963
https://linkinghub.elsevier.com/retrieve/pii/S1360138501021525
https://linkinghub.elsevier.com/retrieve/pii/S1360138501021525
https://doi.org/10.1016/s1360-1385%2801%2902152-5
http://www.ncbi.nlm.nih.gov/pubmed/11738380
https://linkinghub.elsevier.com/retrieve/pii/S1360138515001727
https://linkinghub.elsevier.com/retrieve/pii/S1360138515001727
https://doi.org/10.1016/j.tplants.2015.06.008
http://www.ncbi.nlm.nih.gov/pubmed/26205171
https://linkinghub.elsevier.com/retrieve/pii/S089360800580125X
https://linkinghub.elsevier.com/retrieve/pii/S089360800580125X
http://journals.sagepub.com/doi/10.1177/105971239500300405
http://journals.sagepub.com/doi/10.1177/105971239500300405
http://link.springer.com/10.1007/s004250050437
https://doi.org/10.1007/s004250050437
https://doi.org/10.1007/s004250050437
http://www.ncbi.nlm.nih.gov/pubmed/9821690
http://www.pnas.org/lookup/doi/10.1073/pnas.2018940118
http://www.ncbi.nlm.nih.gov/pubmed/33608460
https://dx.plos.org/10.1371/journal.pcbi.1002890
https://doi.org/10.1371/journal.pcbi.1002890
http://www.ncbi.nlm.nih.gov/pubmed/23408877
https://doi.org/10.1371/journal.pone.0252202

PLOS ONE

Conditions for the emergence of circumnutations in plant roots

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

[Internet]. 2010 Jan [cited 2020 Oct 8]; 152(1):206—16. Available from: http://www.plantphysiol.org/
lookup/doi/10.1104/pp.109.145292. PMID: 19923240

Israelsson D, Johnsson A. A Theory for Circumnutations in Helianthus annuus. Physiologia Plantarum
[Internet]. 1967 Oct [cited 2020 Oct 8]; 20(4):957—76. Available from: http://doi.wiley.com/10.1111/].
1399-3054.1967.tb08383.x.

Brown AH. Circumnutations: from Darwin to space flights. Plant Physiology. 1993; 101(2):345. https:/
doi.org/10.1104/pp.101.2.345 PMID: 11537497

Chavarria-Krauser A, Nagel KA, Palme K, Schurr U, Walter A, Scharr H. Spatio-temporal quantification
of differential growth processes in root growth zones based on a novel combination of image sequence
processing and refined concepts describing curvature production. New Phytologist [Internet]. 2008 Feb
[cited 2020 Oct 8]; 177(3):811-21. Available from: http://doi.wiley.com/10.1111/j.1469-8137.2007.
02299.x. PMID: 18069960

Mullen JL, Wolverton C, Ishikawa H, Evans ML. Kinetics of constant gravitropic stimulus responses in
Arabidopsis roots using a feedback system. Plant Physiology. 2000; 123(2):665—70. https://doi.org/10.
1104/pp.123.2.665 PMID: 10859196

Friml J, Wisniewska J, Benkova E, Mendgen K, Palme K. Lateral relocation of auxin efflux regulator
PIN3 mediates tropism in Arabidopsis. Nature [Internet]. 2002 Feb [cited 2020 Oct 8]; 415(6873):806—
9. Available from: http://www.nature.com/articles/415806a. https://doi.org/10.1038/415806a PMID:
11845211

Stolarz M. Circumnutation as a visible plant action and reaction: physiological, cellular and molecular
basis for circumnutations. Plant signaling & behavior. 2009; 4(5):380-7. https://doi.org/10.4161/psb.4.
5.8293 PMID: 19816110

Schuster J, Engelmann W. Circumnutations of Arabidopsis thaliana Seedlings. Biological Rhythm
Research [Internet]. 1997 Nov [cited 2020 Oct 8]; 28(4):422—40. Available from: https://www.
tandfonline.com/doi/full/10.1076/brhm.28.4.422.13117.

Niinuma K, Someya N, Kimura M, Yamaguchi |, Hamamoto H. Circadian Rhythm of Circumnutation in
Inflorescence Stems of Arabidopsis. Plant and Cell Physiology [Internet]. 2005 Aug 1 [cited 2020 Oct 8];
46(8):1423-7. Available from: http://academic.oup.com/pcp/article/46/8/1423/1875051/Circadian-
Rhythm-of-Circumnutation-in. https://doi.org/10.1093/pcp/pci127 PMID: 15908440

Buer CS, Wasteneys GO, Masle J. Ethylene modulates root-wave responses in Arabidopsis. Plant
Physiology. 2003; 132(2):1085-96. https://doi.org/10.1104/pp.102.019182 PMID: 12805636

Hayashi Y, Nishiyama H, Tanoi K, Ohya T, Nihei N, Tanioka K, et al. An aluminum influence on root cir-
cumnutation in dark revealed by a new super-harp (high-gain avalanche rushing amorphous photocon-
ductor) camera. Plant and cell physiology. 2004; 45(3):351-6. https://doi.org/10.1093/pcp/pch042
PMID: 15047885

Sun F, Zhang W, Hu H, Li B, Wang Y, Zhao Y, et al. Salt modulates gravity signaling pathway to regu-
late growth direction of primary roots in Arabidopsis. Plant physiology. 2008; 146(1):178-88. https://doi.
org/10.1104/pp.107.109413 PMID: 18024552

Shabala SN, Newman IA. Proton and calcium flux oscillations in the elongation region correlate with
root nutation. Physiologia Plantarum [Internet]. 1997 Aug [cited 2020 Oct 8]; 100(4):917-26. Available
from: http://doi.wiley.com/10.1111/j.1399-3054.1997.tb00018.x. PMID: 11540486

Mugnai S, Azzarello E, Masi E, Pandolfi C, Mancuso S. Nutation in plants. In: Rhythms in Plants.
Springer; 2015. p. 19-34.

Kramer EM, Rutschow HL, Mabie SS. AuxV: a database of auxin transport velocities. Trends in Plant
Science [Internet]. 2011 Sep [cited 2021 Feb 6]; 16(9):461-3. Available from: https://linkinghub.
elsevier.com/retrieve/pii/'S1360138511001014. https://doi.org/10.1016/j.tplants.2011.05.003 PMID:
21684188

Okada K, Shimura Y. Modulation of Root Growth by Physical Stimuli. 1994;665-84.

Massa GD, Gilroy S. Touch modulates gravity sensing to regulate the growth of primary roots of Arabi-
dopsis thaliana. The Plant Journal. 2003; 33(3):435—-45. https://doi.org/10.1046/j.1365-313x.2003.
01637.x PMID: 12581302

Evans M. Touch sensitivity in plants: be aware or beware. Trends in Plant Science [Internet]. 2003 Jul
[cited 2020 Oct 8]; 8(7):312—4. Available from: https:/linkinghub.elsevier.com/retrieve/pii/
S$136013850300133X. https://doi.org/10.1016/S1360-1385(03)00133-X PMID: 12878012

Oliva M, Dunand C. Waving and skewing: how gravity and the surface of growth media affect root devel-
opment in Arabidopsis. New Phytologist. 2007; 176(1):37—43. https://doi.org/10.1111/j.1469-8137.
2007.02184.x PMID: 17692076

PLOS ONE | https://doi.org/10.1371/journal.pone.0252202 May 26, 2021 21/22


http://www.plantphysiol.org/lookup/doi/10.1104/pp.109.145292
http://www.plantphysiol.org/lookup/doi/10.1104/pp.109.145292
http://www.ncbi.nlm.nih.gov/pubmed/19923240
http://doi.wiley.com/10.1111/j.1399-3054.1967.tb08383.x
http://doi.wiley.com/10.1111/j.1399-3054.1967.tb08383.x
https://doi.org/10.1104/pp.101.2.345
https://doi.org/10.1104/pp.101.2.345
http://www.ncbi.nlm.nih.gov/pubmed/11537497
http://doi.wiley.com/10.1111/j.1469-8137.2007.02299.x
http://doi.wiley.com/10.1111/j.1469-8137.2007.02299.x
http://www.ncbi.nlm.nih.gov/pubmed/18069960
https://doi.org/10.1104/pp.123.2.665
https://doi.org/10.1104/pp.123.2.665
http://www.ncbi.nlm.nih.gov/pubmed/10859196
http://www.nature.com/articles/415806a
https://doi.org/10.1038/415806a
http://www.ncbi.nlm.nih.gov/pubmed/11845211
https://doi.org/10.4161/psb.4.5.8293
https://doi.org/10.4161/psb.4.5.8293
http://www.ncbi.nlm.nih.gov/pubmed/19816110
https://www.tandfonline.com/doi/full/10.1076/brhm.28.4.422.13117
https://www.tandfonline.com/doi/full/10.1076/brhm.28.4.422.13117
http://academic.oup.com/pcp/article/46/8/1423/1875051/Circadian-Rhythm-of-Circumnutation-in
http://academic.oup.com/pcp/article/46/8/1423/1875051/Circadian-Rhythm-of-Circumnutation-in
https://doi.org/10.1093/pcp/pci127
http://www.ncbi.nlm.nih.gov/pubmed/15908440
https://doi.org/10.1104/pp.102.019182
http://www.ncbi.nlm.nih.gov/pubmed/12805636
https://doi.org/10.1093/pcp/pch042
http://www.ncbi.nlm.nih.gov/pubmed/15047885
https://doi.org/10.1104/pp.107.109413
https://doi.org/10.1104/pp.107.109413
http://www.ncbi.nlm.nih.gov/pubmed/18024552
http://doi.wiley.com/10.1111/j.1399-3054.1997.tb00018.x
http://www.ncbi.nlm.nih.gov/pubmed/11540486
https://linkinghub.elsevier.com/retrieve/pii/S1360138511001014
https://linkinghub.elsevier.com/retrieve/pii/S1360138511001014
https://doi.org/10.1016/j.tplants.2011.05.003
http://www.ncbi.nlm.nih.gov/pubmed/21684188
https://doi.org/10.1046/j.1365-313x.2003.01637.x
https://doi.org/10.1046/j.1365-313x.2003.01637.x
http://www.ncbi.nlm.nih.gov/pubmed/12581302
https://linkinghub.elsevier.com/retrieve/pii/S136013850300133X
https://linkinghub.elsevier.com/retrieve/pii/S136013850300133X
https://doi.org/10.1016/S1360-1385%2803%2900133-X
http://www.ncbi.nlm.nih.gov/pubmed/12878012
https://doi.org/10.1111/j.1469-8137.2007.02184.x
https://doi.org/10.1111/j.1469-8137.2007.02184.x
http://www.ncbi.nlm.nih.gov/pubmed/17692076
https://doi.org/10.1371/journal.pone.0252202

PLOS ONE

Conditions for the emergence of circumnutations in plant roots

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

Eapen D, Barroso ML, Ponce G, Campos ME, Cassab Gl. Hydrotropism: root growth responses to
water. Trends in plant science. 2005; 10(1):44-50. https://doi.org/10.1016/j.tplants.2004.11.004 PMID:
15642523

Abel S. Phosphate sensing in root development. Current opinion in plant biology. 2011; 14(3):303-9.
https://doi.org/10.1016/j.pbi.2011.04.007 PMID: 21571579

Darwin C. The power of movement in plants. Appleton; 1897.

Hochholdinger F. Genetic Dissection of Root Formation in Maize (Zea mays) Reveals Root-type Spe-
cific Developmental Programmes. Annals of Botany [Internet]. 2004 Feb 23 [cited 2020 Oct 8]; 93
(4):359-68. Available from: https://academic.oup.com/aob/article-lookup/doi/10.1093/acb/mch056.
PMID: 14980975

Ahmed MA, Zarebanadkouki M, Meunier F, Javaux M, Kaestner A, Carminati A. Root type matters:
measurement of water uptake by seminal, crown, and lateral roots in maize. Journal of Experimental
Botany [Internet]. 2018 Feb 23 [cited 2020 Oct 8]; 69(5):1199-206. Available from: https://academic.
oup.com/jxb/article/69/5/1199/4785933. https://doi.org/10.1093/jxb/erx439 PMID: 29304205

Waisel Y, Eshel A. Functional Diversity of Various Constituents of a Single Root System. In: Kafkafi U,
Waisel Y, Eshel A, editors. Plant Roots [Internet]. CRC Press; 2002 [cited 2020 Oct 8]. p. 157-74.
Available from: http://www.crcnetbase.com/doi/10.1201/9780203909423.ch9.

Freschet GT, Roumet C. Sampling roots to capture plant and soil functions. Treseder K, editor. Func-
tional Ecology [Internet]. 2017 Aug [cited 2020 Oct 8]; 31(8):1506—18. Available from: https://
onlinelibrary.wiley.com/doi/abs/10.1111/1365-2435.12883.

Williamson LC, Ribrioux SPCP, Fitter AH, Leyser HMO. Phosphate Availability Regulates Root System
Architecture in Arabidopsis. Plant Physiology [Internet]. 2001 Jun 1 [cited 2020 Oct 8]; 126(2):875-82.
Available from: http://www.plantphysiol.org/lookup/doi/10.1104/pp.126.2.875. PMID: 11402214

Takano M, Takahashi H, Hirasawa T, Suge H. Hydrotropism in roots: sensing of a gradient in water
potential by the root cap. Planta [Internet]. 1995 Sep [cited 2020 Oct 8]; 197(2). Available from: http:/
link.springer.com/10.1007/BF00202664.

Crisp PA, Ganguly D, Eichten SR, Borevitz JO, Pogson BJ. Reconsidering plant memory: Intersections
between stress recovery, RNA turnover, and epigenetics. Science Advances [Internet]. 2016 Feb [cited
2020 Oct 8]; 2(2):e1501340. Available from: https://advances.sciencemag.org/lookup/doi/10.1126/
sciadv.1501340. PMID: 26989783

Botev ZI, Grotowski JF, Kroese DP. Kernel density estimation via diffusion. The Annals of Statistics
[Internet]. 2010 Oct [cited 2020 Oct 8]; 38(5):2916-57. Available from: http:/projecteuclid.org/euclid.
a0s/1281964340.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252202 May 26, 2021 22/22


https://doi.org/10.1016/j.tplants.2004.11.004
http://www.ncbi.nlm.nih.gov/pubmed/15642523
https://doi.org/10.1016/j.pbi.2011.04.007
http://www.ncbi.nlm.nih.gov/pubmed/21571579
https://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mch056
http://www.ncbi.nlm.nih.gov/pubmed/14980975
https://academic.oup.com/jxb/article/69/5/1199/4785933
https://academic.oup.com/jxb/article/69/5/1199/4785933
https://doi.org/10.1093/jxb/erx439
http://www.ncbi.nlm.nih.gov/pubmed/29304205
http://www.crcnetbase.com/doi/10.1201/9780203909423.ch9
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2435.12883
https://onlinelibrary.wiley.com/doi/abs/10.1111/1365-2435.12883
http://www.plantphysiol.org/lookup/doi/10.1104/pp.126.2.875
http://www.ncbi.nlm.nih.gov/pubmed/11402214
http://link.springer.com/10.1007/BF00202664
http://link.springer.com/10.1007/BF00202664
https://advances.sciencemag.org/lookup/doi/10.1126/sciadv.1501340
https://advances.sciencemag.org/lookup/doi/10.1126/sciadv.1501340
http://www.ncbi.nlm.nih.gov/pubmed/26989783
http://projecteuclid.org/euclid.aos/1281964340
http://projecteuclid.org/euclid.aos/1281964340
https://doi.org/10.1371/journal.pone.0252202

