N

N

The helical motions of roots are linked to avoidance of
particle forces in soil
Adalvan Martins, Felicity O’callaghan, a Glyn Glyn Bengough, Kenneth
Loades, Moacir Pasqual, Evelyne Kolb, Lionel Dupuy

» To cite this version:

Adalvan Martins, Felicity O’callaghan, a Glyn Glyn Bengough, Kenneth Loades, Moacir Pasqual, et
al.. The helical motions of roots are linked to avoidance of particle forces in soil. New Phytologist, In
press, 10.1111/nph.16312 . hal-02361859

HAL Id: hal-02361859
https://hal.science/hal-02361859
Submitted on 13 Nov 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-02361859
https://hal.archives-ouvertes.fr

10
11
12

13

14

15

16
17
18
19
20
21
22
23

The helical motions of roots are linked to avoidance of particle forces in soil

Adalvan Martins 1%, Felicity O’Callaghan, A Glyn Bengough!?, Kenneth W

Loades!, Moacir Pasqual?, Evelyne Kolb*, Lionel X. Dupuy***

! The James Hutton Institute, Invergowrie, DD25DA, Dundee, United Kingdom

2 Federal University of Lavras, CP 3037, Lavras, MG, 37.200-000, Brazil

% School of Science and Engineering, University of Dundee, DD1 4HN, Dundee,
United Kingdom

4 Physics and Mechanics of Heterogeneous Materials (PMMH) Joint Research
Program, Centre National de la Recherche Scientifique (CNRS, UMR 7636), Ecole
Supérieure de Physique et Chimie Industrielle de Paris (ESPCI), Paris Sciences et
Lettres Research University (PSL), Sorbonne Université - UPMC, Université Paris 06,
Université Paris 07, 75005 Paris, France

“Equally contributing authors

*lionel.dupuy@hutton.ac.uk, +44 1382 568 815

Total word count for main text: 5131
Abstract: 160

Introduction: 599

Material and methods: 1683

Results: 1156

Discussion: 1836

Acknowledgments: 97


mailto:lionel.dupuy@hutton.ac.uk

24

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

42

43

44

Abstract

Limitation to root growth results from forces required to overcome soil
resistance to deformation. The variations in individual particle forces affects
root development and often deflects the growth trajectory.

We have developed Transparent Soil and Optical Projection Tomography
microscopy systems where measurements of growth trajectory and particle
forces can be acquired in a granular medium at a range of confining pressures.
We developed image processing pipelines to analyse patterns in root
trajectories and a stochastic-mechanical theory to establish how root
deflections relate to particle forces and thickening of the root.

Root thickening compensates for the increase in mean particle forces but does
not prevent deflections from 5% of most extreme individual particle forces
causing root deflection. The magnitude of deflections increases with pressure
but assemble into helices of conserved wavelength in a response linked to
gravitropism.

The study revealed mechanisms for the understanding of root growth in
mechanically impeding soil conditions and provides insights relevant to

breeding of drought-resistant crops.
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Biophysics, root, granular, mechanical stress, deflection, Transparent Soil
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Introduction

To improve crop water and nutrient efficiency of crops, significant plant breeding
interest is now focused on modifying the architecture of the root system to improve
rooting depth (Lynch, 2011). Much of the attention is given to genetically controlling
rooting angles to enhance drought resistance (Uga et al., 2013) or to enhance nutrient
acquisition (Liao et al., 2001). While most crop research takes molecular genetics
approaches to study the development of root system architectures, limitations arise

because suitable traits for deep rooting are difficult to identify.

There is consequently a growing interest in understanding the biomechanical factors
that limit root growth through soil (Colombi et al., 2017b). Physical limitations to
tissue expansion are linked to the physiology of the cell, in particular the cells ability
to sustain turgor pressure and to soften the properties of cell walls (Mirabet et al.,
2011). Turgor pressure results in the build-up of tension forces within cell walls and
growth occurs because the network of cellulose microfibrils permit extension and
rearrangement (Braidwood et al., 2014) through a mechanism termed polymer creep.
Although the extensibility of primary cell walls is biochemically controlled (through
pH, production of enzymes and free radicals, Cosgrove, 2005), growth can be
mechanically arrested because external pressure exceeds turgor pressure, as initially
shown by early biophysicists (Green et al., 1971) and later studies (Geitmann &
Ortega, 2009).

This view of the biophysics of growth is challenged in soils where plant roots grow
under considerable levels of external pressure from an inhomogeneous soil medium.
Turgor pressure in plant cells is rarely measured above 1 MPa, even when growth has
been arrested (Meshcheryakov et al., 1992; Clark et al., 1996). This level of pressure
corresponds well to the maximum axial pressure a root can exert on a rigid obstacle
(Misra et al., 1986) but not to the soil penetrometer pressure at which growth is
arrested (5 MPa). Differences are attributed to lubrication by border cells, or flexibility
of the root tissue (Bengough & Mullins, 1990). Still, turgor pressure within root cells
is an order of magnitude less than known physiological limits of turgor, for example
in fungal appressoria where turgor pressure can exceed 10 MPa (Howard et al., 1991).
Turgor pressure itself may not be the basis for limitation to deep rooting, and it is
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reasonable to question why plants are not generating larger growth forces to penetrate
hard soils.

The inhomogeneity of soil makes it difficult to understand the forces experienced by
roots. Soils are comprised of particles held together by forces at the contact points
between adjacent particles (repulsion, friction, cohesion). Even when dry and
monodisperse, packings of particles are disordered (Majmudar & Behringer, 2005).
Large variations in particle forces arise because of the heterogeneous distribution of
contact points between particles, with the tail of the probability distribution of particle
forces following an exponential distribution (Radjai et al., 1998). It is not clear how
such a stochastic distribution of forces will affect the growth of a root. The mechanics
of root penetration has been the subject of recent computational studies (Fakih et al.,
2019), but conceptual frameworks to understand the nature of root responses to
granular forces are still lacking.

We report here an analysis of microscale deflections of growth due to interactions with
the soil granular structure. We develop an experimental system that captures the
statistical distribution of particle forces exerted on the root and analyse growth
responses to these forces. We propose a theory that links root elongation to particle
force and show that root responses to mechanical interactions with particles are linked

to the statistical distribution of these forces.
Materials and methods

Transparent Soils. Transparent Soil is a soil surrogate made of Nafion™, a
transparent low refractive index polymer. It was prepared as described in (Downie et
al., 2012). Nafion pellets (4 mmx3 mm NR50 1100, lon Power Inc., USA) were
freezer milled and sieved with 1250 um and 250 um mesh size and polydispersity
further characterised by image analysis (Methods S1-1). Particles were immersed in
stock solutions of Hoagland No 2 basal solution (H2395, Sigma, USA) to adjust the
pH and titrate the particles with mineral ions. These were shaken at 30°C for 30
minutes before replacing the nutrient solution (Downie et al., 2012), and the operation
was repeated until the pH was 6.5. The particles were rinsed with dH2O to remove
excess Hoagland media and autoclaved in dH2O at 30% water content. The resulting

particles had sizes ranging from 0.20 to 2.21 mm (Figure 1A).
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Pressure chambers. Chambers were made of Sterilin™ Quickstart Universal
Polystyrene 30mL tubes, and the piston applying the force at the surface of the soil
was made of Sterilin™ Polystyrene 7 mL tubes (Methods S1-2). The piston was
transparent to allow penetration of light and fitted with negligible friction with the
inner wall of the chamber. A 3 mm hole was drilled in the cap of the inner tube (piston)
to introduce the seed or the penetrometer needle for measuring penetration resistance
forces. Compression in the chamber was applied by moving the base of the stage
(Methods S1-2) and monitoring soil confining pressure with a 20 N load cell (Applied
Measurements Ltd). The intensities of the compression applied to the soil were O N (0
kPa, control), 10 N (25 kPa) and 20 N (50 kPa).

Resistance to penetration. Penetrometer resistance was measured within chambers
under confining pressure of 0 kPa, 25 kPa and 50 kPa (n=6). Penetrometer resistance
was measured using an Instron 5544 universal test frame (Instron, MA, USA) fitted
with a 50 N load cell accurate to +2 mN (Methods S1-3). The penetrometer needle
used was a cone shaped tip of 30° semiangle with a base of 1.72 mm in diameter and
a cross-sectional area of 2.32 mm? and a 20% rebated shaft to minimise shaft friction.
Shaft cones of 30° semiangle are commonly used as root analogues because they
compromise well between cone friction and formation of soil bodies (Bengough &
Mullins, 1990). Crosshead displacement for penetrometer testing was performed at a
rate of 2 mm min to maintain quasi-static conditions (Methods S1-2). It has been
shown experimentally that dynamic effects are observed for penetration rates that are
one or two orders of magnitude larger (Bengough & Mullins, 1990). Depths of 20 to
40 mm were tested because the mean force was approximately constant over this range
and shaft friction negligible. We define the particle force F; as the i"" peak of force
recorded in this experiment. Mean force (F), third quartile F,so, , and probability

distribution of particle forces were characterised.

Root biomechanics. The mechanical resistance of seedling roots (n=7) was tested
under compression. Seeds were germinated using germination paper until the roots
were approximately 2 cm long. Seedling primary roots were then anchored in plaster
of Paris and tested under axial compression (Methods S1-3) using an Instron 5544

universal test frame as described above.
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Plant growth. Lentil (Lens culinaris) cv. Peridot seeds were sterilised in 10% solution
of sodium hypochlorite for 20 minutes. Seeds were pre-germinated on germination
paper at 25°C and photoperiod of 16 h. After root protrusion (36 h), the seeds were
transferred to a cylindrical chamber containing Transparent Soil held at 30%
volumetric water content. The germinated seeds grew for 3 days at 25°C in soil
maintained at 0 kPa, 25 kPa and 50 kPa of confining pressure (n=5). Roots were then
washed and digitally scanned with root diameter measured along the first 2 cm of the

root from the apical meristem.

3D Microscopy. After 3 days of growth, a solution of 20% trehalose was added for
refractive index matching with the soil particles. A vacuum pump (RelChron PPROB-
10398) was used to remove air bubbles present in the samples. Images were collected
15 hours after the addition of trehalose under laboratory conditions with an Optical
Projection Tomography microscope (Sharpe et al., 2002). The microscope was made
from a Leica MZ16 FA stereomicroscope fitted with a 0.5X plan achromatic objective
for long working distance (135 mm) and a Leica DFC350FX camera (Figure 1B). Each
scan consisted of 720 projections taken every 0.5 degree. Scans were obtained at three
different depths and achieved 13 to 20 um resolution and 3 cm field of view out of 5
cm of soil depth. The image data obtained from three different depths were combined
using Fiji sequence stitching (Schindelin et al., 2012), and 3D reconstructions were
performed in Matlab (MathWorks Inc.) using the filtered backprojection algorithm.
Confocal laser scanning imaging was done on a Nikon A1R microscope. Roots were
stained with calcofluor (fluorescent brightener 28; Sigma F3543) and imaged using

either x4 or x10 magnification.

Signal processing. We developed a pipeline to reconstruct the root centreline with
precision (Figure 2A). First, a 3D vessel tracing algorithm was used to obtain a coarse
representation of the root centreline (Friman et al., 2010). To improve the accuracy
and precision of the root centreline a multiplane tracing approach was developed
(Methods S2-1) by generalisation of bi-plane snakes (Canero et al., 2000). Root
centrelines were subsequently centred along the z-axis. This was achieved using a
spline regression with 3 anchor points and fitted values were subtracted from the
original signal. Centred signals f(t) were then analysed for helical patterns. The
analysis was based on a modification of the Fourier transform to include orthonormal

helix forming basis functions (Figure 2B),
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Po() = (0,0,V3t) and p (t) = (e, ! 2mkt=m/2) @), (1)
k e[—N, N].

t represents the rooting depth and k the spatial frequency. The sign of k indicates
clockwise or anti-clockwise helices. The coefficients of the transform Cy are then
obtained by projection on the set of basis functions,

Ce = J) (fis fy o/ T - rdt. 2

The wavelength of the helix is 1, = |1/k|. A, is the length of root contained in a helix

of one period is therefore

Zk =41+ (27Tkrk)2)lk, (3)

where 1, = 1/C;.C, ++/ C_ C_p is the radius of the waveform of frequency k. We also

introduce the asymmetry ratio R,

R, = ¢iCy @
Cr C

where k>0 and j>0 are respectively the clockwise and anticlockwise dominant

frequencies of opposite sense of rotation. The asymmetry ratio 0 < R, < 1 indicates
whether the helix change its sense of rotation during growth. When clockwise and
anticlockwise spectra have identical peaks, R, is equal to 1, and in the case of a perfect
helix of infinite length, it is equal to 0. When analysing real data, extremal values are
not reached but relative values of R, indicate the degree of consistency of the sense
of rotation of a root helical trajectory. Changes in root directions were identified as
local maxima in the root curvature. A custom software RootHix was developed to

perform the analyses (www.archiroot.org.uk/tools.html). Full mathematical derivation

of the analysis can be found in Methods S2-2. The data generated in this study is
available  for  download on the following  Zenodo  repository
https://zenodo.org/record/889946#.WbgwrsiGO-4.

Theory for root-particle interactions. Root deflection occurs when the energy of
axial elongation U, becomes larger than the energy U,, required for bending and lateral

displacement of particles (Figure 2C),

Uy(E,I,{F),d,8) < U.(F,9). (5)
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F (N) is the force required to displace the particle in front of the root, E (Pa) is the
Young’s modulus of the root tissue, I (m*) is the second moment of area of the root,
(F) is the mean particle force, § is the mean displacement between two peak forces in
a penetrometer test, and d is the distance between particles determined as the mean
particle diameter (Methods S3).

Since U, is a growing function of F, it is possible to calculate from equation 5 a

critical force F_,.;; above which the deflection of the root will occur,
Ferip = A(EI)1/4<F)3/4d1/26_1; (6)

with a bending constant A ~ 0.237. A similar calculation can be made if the tissue
has viscoelastic properties. In this case, E is replaced with a time-dependent coefficient

E*(t), termed creep function, which we obtain from the Kelvin Voigt viscoelastic

model,
1 1 E 7)
E*(t)_E(l exp nt)'

t here refers to the time required for the root growth to overcome a particle and is
determined as d/v where v is the root tip velocity (m s™). The probability of a
deflection occurring can then be expressed from the distribution of particle forces
obtained from penetrometer test. Because deflections are rare, they must be caused by
large particle forces which occurrence is described by the tail of the distributions of
particle forces. These follow an exponential law,

(8)

1
q= Zexp[_b(Fcrit - F75%)]-

The theory then provides the probability distribution (pdf) o and x of the occurrence

of deflections and curvature of the root respectively,

o(x) = %exp (— %), )

. q*d? qd (10)
1) = pagzes P (_ (z)ax)'

(l) = B(dZEI/(F))% is the expected bending length with B = 2.06. The pdf of root

curvature follows an inverse gamma distribution with shape parameter 2 and scale
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parameter qd /(l)é. Full mathematical derivation for models can be found in Methods
S3.

When the tissue is anisotropic, root reorientation occurs preferentially along a given
axis of rotation (blue cone, Figure 2D). The axis of rotation defines two equally
probable bending directions V; and V,. Because the anisotropy is helical, V; and V,
are not constant but rotate along the roots (red arrow, Figure 2D). To test whether
deflections occur preferentially in certain directions, we assign the probability g, for
direction V; and g, =1—¢q; for V, . We used equations 5-8 to simulate the
occurrence of deflections in an elongating root based on experimental data and
assumed three scenarios for the direction of deflection. If the deflection has no
predefined direction (random deflection) then q; = g, = 0.5. If there is an intrinsic
sense of rotation then g, =1 or g, = 1. If the direction of deflection occurs
preferentially towards gravity (gravitropic deflection), the probability is

tanh(—GAa) + 1 (11)
a1 = 2

Aa = a; — a, is the difference in verticality between V; and V,, i.e. a; (respectively
a,) Is the positive angle between V; (respectively V,) and the downward vertical. G

defines the sensitivity of the response to gravity.
Results

Resistance to penetration. Penetrometer tests produced stochastic data (Figure 3A).
Analysis of the data showed soil confining pressure (0 kPa, 25 kPa, and 50 kPa,
generated by loads of 0 N, 10 N and 20 N respectively) increased the mean penetration
force. In soils that were not held under compression, the mechanical resistance to
penetration was the lowest with (F) = 0.15 N (£0.01), F;50, = 0.19 N. In soils held
under a confining pressure of 25 kPa, the resistance to penetration increased to (F) =
1.11 N (£ 0.03), F;50, = 1.18 N. The highest resistance to penetration, (F) =
2.14 N (£ 0.03), F;50, = 2.26 N, was obtained in soils held at a confining pressure of
50 kPa (Figure 3B).

We analysed the sequence of forces recorded during penetration (Figure 3C&D). The
tail of the statistical distribution of transformed particle forces (Figure 3C) showed an

exponential decline, with characteristic force values (1/b) measured as 36.3 mN, 75.9
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mN and 95.3 mN for respectively 0 kPa, 25 kPa and 50 kPa of soil confining pressure.
Permutation tests showed the exponential tail of the distribution was not affected by
the increase in confining pressure from 25 kPa to 50 kPa (p=0.88), but there was a

statistical difference between uncompressed and compressed soils (p<0.001).

We also studied the distances § between peak forces (Figure 3D). The probability
density of § followed an exponential decline with a characteristic distance of 0.13 mm.
No statistical differences were found between soils under compression (p=0.94) nor
between compressed and uncompressed soil (p=0.12). The distance between the peaks
of force was substantially smaller than the size of the particle diameter (1 mm on

average).

Roots helical response to mechanical forces. Plant roots grew healthily in all
experiments (Figure 4A). Soil confining pressure reduced root elongation rates and
increased root diameters. Roots growing in soil without confining pressure exhibited
the fastest elongation rate of 1.99 cm.d (+0.40) and had diameters of 0.64 mm (+0.04)
at 2 cm from the root tip. Roots growing in soil under 25 kPa of confining pressure
exhibited an elongation rate of 1.60 cm.d? (+0.42) and had diameters of 0.69 mm
(x0.03). Roots growing in soil under 50 kPa of confining pressure exhibited an
elongation rate of 1.36 cm.d (+0.28) and had diameters of 0.75 mm (0.07).

Root centrelines exhibited helical morphologies (Figure 4A) which could be detected
by helical transformation (Figure 4B). The analysis identified a dominant wavelength
that is not affected by soil confining pressure. Wavelength values (1) were 13.7 mm
(x1.4),12.1 mm (x0.5) and 12.8 mm (£0.6) for pressures of 0 kPa, 25 kPa and 50 kPa
respectively (Figure 4C). However, the radius of the helix r;, 1, significantly increased
from 0.17 mm (0.03), to 0.24 mm (+0.03) and 0.30 mm (+0.04) for pressures of 0
kPa, 25 kPa and 50 kPa. These helical shapes had curvatures of respectively 0.034
mm?, 0.063 mm? and 0.071 mm™. Helices were clockwise, anti-clockwise and

occasionally changed direction of rotation along the same root axis.

Compression tests were used to characterise the mechanical properties of roots (Figure
4D). All roots tested deformed into a helical shape at an average force of 20.0 mN
(x1.5). Helical shapes were more pronounced near the tip where the root was thinner.
Roots retained their helical shape after removal of the axial forces. The wavelength of

the helix (1 =12.2 mm + 2.0) closely matched those measured in Transparent Soil, but

10
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the radius of the helix (0.9 mm % 0.1) was about three times as large as the value
measured under 50 kPa of confining pressure. The mechanical test was interrupted
before roots were visibly fractured. Roots were subsequently moved into water and

recovered their shape within 20 minutes.

Soil particles influence root deflections. Roots curvatures at deflections exceeded
those of fitted helices by an order of magnitude (Figure 5A). The distance between the
sites of deflections was not influenced by the pressure acting on the soil. The
distribution of the distance between the sites of two successive deflections was
approximately uniform, with distances spanning between 500 pm and 6 mm with an
average of 2.5 mm (Figure 5B). Since the characteristic distance between peaks of
forces produced by soil particles is § = 0.13 mm and one deflection occurs every 2.5
mm of root growth in average, thus 5% of particle force events produced root

deflections.

The curvature of the root where deflection occurs was influenced by soil confining
pressure (Figure 5C). In the absence of confining pressure, curvatures were below 0.2
mmt. When 25 kPa of pressure was applied, curvatures measured were below 0.3 mm-
! whereas when 50 kPa of pressure was applied, curvatures above 0.4 mm™ were
measured. Confocal laser scanning microscopy observations showed sharp deflections
extending over a length of root of around 700 um. The curvature of these deflections
increased with increases in confining pressure. There was little evidence of tissue
torsion. Angle in the files of epidermal cells relative to the local longitudinal root axis

was rarely observed and did not correlate with the sites of deflection (Figure 5C Inset).

Linking root gravitropism and deflections to helix formation. The model described
the overall root responses to confining pressure for the distribution of curvatures
(Figure 6A Top) but overestimated the deflection in the high frequency domain
(Figure 6A Middle) . The Young’s modulus required to predict the range of curvatures
varied between 1.5 and 5.0 MPa (3.7 MPa +1.4, 1.64 MPa +0.62 and 2.05 MPa +0.78
for respectively 0 kPa, 25 kPa and 50 kPa of confining pressure) and declined with
confining pressure (Figure 6A Bottom). Apparent variations in the Young’s modulus
may be due to the viscoelasticity of the tissue, with Kelvin Voigt model best fitting
data with E = 21.5 kPaand n = 1.7 GPa.s.

11
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There was strong evidence of the role of gravitropism in the maintenance of helical
shapes. Experimental results showed the asymmetry ratio
R, is decreasing linearly with root deviation from verticality (black curves,
Figure 6B top right). Roots that grew more horizontally had therefore a greater
tendency to maintain a consistent helix and conserved sense of rotation. Simulations
demonstrated this is caused by a bias in the direction of growth when a deflection
occurs. When random deflections were imposed in the simulations (red curves, Figure
6B), roots lost their ability to maintain helical forms due to the sense of rotation of the
helix changing randomly when hitting an obstacle: R, was larger than in all other cases
and also independent of the deviation from verticality. Roots which deflected
following a fixed direction V; or V,, (green curves, Figure 6B) naturally produced helix
with unchanged sense of rotation (asymmetry ratio =0.3). Here too, the model could
not predict the experimental effect of deviation from verticality on the asymmetry
ratio. Roots which direction of deflection was influenced by root verticality
(gravitropic simulation, Figure 6B, blue curve) produced more realistic growth
patterns and induced the formation of helices with occasional switches in the sense of

rotation, but these switches were less frequent.
Discussion

Linking root responses to soil structure. Biophysical theories link growth response
to soil pressure, cell wall rheology, and water potential (Greacen & Oh, 1972; Dexter,
1987). If the soil pressure on the root and the tensile stresses in the cell walls exceed
turgor pressure, then growth must be arrested (Plant, 1982; Dexter, 1987). Our
approach departs from this view and links root physical limitations to the mechanical
stability and deflections of the root tip due to surrounding particle forces. Therefore,
critical root elongation forces define the ability of a root to remain mechanically stable,
and this ability is linked to the rigidity of the tissue and the distribution of particle

forces.

The emergence of theories for the prediction of critical elongation forces has been
largely limited by the ability to characterise the mechanical environment of a growing
root. Experimental systems using compression chambers of various sorts have been
extensively used in the 1960’s and later (Barley, 1962; Materechera et al., 1991;
Abdalla A et al., 1969), but simultaneous measurements of particle forces were not

12
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made. The first attempts of Whiteley and Dexter (1982) showed measuring the drag
force of a particle of known size and traction speed is possible but precise control of
particle displacement is not. More recently, research on the physics of granular media
has characterised interparticle mechanics using planar force sensors or computational
methods (Mueth et al., 1998; Hurley et al., 2016), but application of such techniques
within biological systems remains difficult. Use of photo-elastic materials has been
successful (Kolb et al., 2012; Wendell et al., 2012) but current materials do not allow
fabrication of realistic soil-like substrate, and for this reason, penetrometer resistance
tests remain the preferred approach to characterise the resistance to root elongation
(Clark et al., 2003). Root responses to particle forces are equally difficult to monitor.
Particle displacements have been measured alongside root deflections in glass bead
substrates using tracking algorithms (Bengough et al., 2009). More recently X-ray
computed tomography has achieved similar results in 3D (Keyes et al., 2017).
Deriving measurements of forces from such data is not currently possible because it

would require detection of the deformation of individual particles (Brodu et al., 2015).

In this study we have addressed some of these challenges and characterised how root
deflections occur in relation to the distribution of particle forces in the growth medium.
Our pressure chamber shares similarity with the system used by (Materechera et al.,
1991), but we additionally monitored 3D growth trajectories and measured
penetrometer resistance. More importantly, we have developed signal processing
technologies to retrieve the wavelength and radius of root helices and to study the
frequency and magnitude of root deflections, e.g. using multiplane tracing and helical
transform (Figure 2 A&B). Previously, few studies have utilised the variations
observed in penetration resistance. Geostatistical tools were used to analyse periodic
variation in penetration resistance in relation to changes in soil structure (Grant et al.,
1985; Hadas & Shmulewich, 1990), but none of these studies linked variations in

particle forces to growth trajectories and root responses to mechanical stress.

Theory for growth in confined soil environments. Using our experimental system,
it was possible to identify factors that heavily influence root responses to interactions

with soil particles.

Granular media appear to cause frequent deflections of the root trajectory. Growth

response to soil heterogeneity has been widely documented (Goss & Russell, 1980),

13
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and can be commonly observed in the form of tortuous morphologies, for example in
compacted soil (Popova et al., 2016). Our results showed the presence of root
deflections appears to be independent of soil mechanical resistance and may prevail
in granular media. Deflections occur by bending at the root tip as observed on other
root species (Bizet et al., 2016), and it is predominantly the magnitude of deflection,
not the frequency, that is affected by soil confining pressure (Figure 5). The study was
limited to roots and particles within a narrow range of sizes. It is unclear how the
mechanisms described here translate across spatial scales. Root behaviours in finer or
cohesive soils are notable. Arguably, some degree of homogenisation of particle forces
would apply (Kolb et al., 2017), but granular media are also known to exhibit
macroscopic behaviour such as arching or clustering (Delenne et al., 2004; Aranson
& Tsimring, 2006). Therefore, root trajectories in these conditions may also exhibit

sequences of deflections that are similar to those observed in our study.

Root deflections are linked to a mechanical process controlled by the fluctuations of
particle forces acting at the root tip. We have characterised the nature of particle forces
and found patterns that confirm this hypothesis. The distance between peak particle
forces (&) is conserved across a range of confining pressures, and the tail of the
statistical distribution of particle forces experienced by a root is exponential, as is
commonly found in granular media (Figure 3C, Radjai et al., 1998). Because the
distance between the sites of deflections is larger than § and larger than the size of
particles (Figure 5B), we conclude that in our experimental set-up, a root can often
displace soil particles axially, but that on rare occasions the growth trajectory is
deflected. Deflection also requires mechanical energy to bend the root and displace
particles laterally (Gordon et al., 1992), and therefore it is both the distribution of axial

and lateral particle forces that determine if a deflection will take place.

Root deflections are mechanically viscoelastic and anisotropic, and may be influenced
by gravitropism. Results show roots did not fully recover their shape following
mechanical tests (Figure 4D). Also, there was time dependence of the apparent
Young’s modulus determined experimentally from the model (Figure 6A). This
behaviour is typical of viscoelastic materials (Findley & Davis, 2013). Since the time
required to overcome a soil particle (between 9 and 14 minutes) exceeds the duration
of mechanical testing, visco-elastic deformation must affect the nature of the

deflection. This is also consistent with the requirements for tissues to elongate
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(Braidwood et al., 2014) and for fluids to move across cells (Nonami et al., 1997). We
observed the formation of helices with wavelengths similar to those observed during
the waving phenomenon observed at the surface of agar (Rutherford et al., 1998). The
curvature of helices is an order of magnitude smaller than the curvature at the sites of
a deflection and we conclude helical shapes are due to the combined anisotropy of the
tissue (Lloyd & Chan, 2002) and the frequency of deflections. Unlike what was
proposed by Silverberg et al. (2012), torsion pre-stress is not required for helices to

form.

We have formalised the conditions for the occurrence of a deflection. Our theory
predicts how roots respond to soil confining pressure in granular media, and it shows
that roots deflect at frequencies that are maintained across increasing levels of soil
confining pressure (Figure 5B). This is counterintuitive because the forces required to
displace soil particles are increasing too. However, root thickening and subsequent
stiffening of the tissue (Materechera et al., 1991; Bengough et al., 2006 ) prevent the
increase in frequency of deflections. The thickening is not sufficient to limit the
magnitude of deflections which, as predicted by the mechanics of embedded structures
(Mojdehi et al., 2016), results in shorter bending length and increased curvature
(Popova et al., 2016).

Our theory also showed limitations. The mean field approximation used to establish
the critical particle force led to oversimplified predictions of distances between
deflections (Figure 6A). The model itself did not address either how the soil structure
or the displacement of particles affects the stochasticity of forces. However, various
experimental and theoretical studies are now addressing these limitations. The
stochasticity of soil penetrometer resistance is now being linked to soil structure (Ruiz
etal., 2017). Theoretical work on snow mechanics has also successfully demonstrated
how understanding the microstructure of a granular media can lead to improved
predictions of forces applied on a penetrating structure (Schneebeli et al., 1999; Léwe
& van Herwijnen, 2012). In the future, our theory could therefore be improved by
better accounting for variations in particle forces, and this could allow prediction of

root growth and morphology to be made directly from the knowledge of soil structure.

Root navigation through paths of least resistance in soil. Roots are known to

mobilise various sensing mechanisms in response to obstacles. For example, response
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to touching an obstacle has been found to mobilise also gravity sensing (Massa &
Gilroy, 2003) and the root cap is believed to play a key role in the reorientation of the
tip. Skewing and waving patterns observed during growth on gels are also thought to
result from gravitropism and touch stimuli (Migliaccio & Piconese, 2001; Oliva &
Dunand, 2007). Similar mechanisms also prevail in the field where roots are known
for example to grow in macropores (Moran et al., 2000; White & Kirkegaard, 2010).
The phenomenon was recently found, for example, to compensate for the effects of

soil compaction (Colombi et al., 2017a).

In this study we found evidence that root responses to soil pressure results from
interactions taking place at the level of the soil particle. Helical shapes were formed
more consistently when roots deviated from verticality (Figure 6B), and this was due
to gravitropic effects during deflections from particles. Simulations predicted smaller
asymmetry ratio than those measured experimentally (Figure 6B) , which indicates
that simulated root morphologies are more helical. This could be explained by
constraints imposed in the model on the direction of deflections. The model did not
include biological responses linked to the anisotropy of the tissue either. For example,
we did not include changes in the mechanical properties of the tissue in response to
gravitropic stimulation. Such responses were not studied experimentally here, but
work on Arabidopsis thaliana have shown that a number of biomechanical factors can
affect the waving mechanism observed in roots (Buer et al., 2003). Mechanical
properties of root tissues are also known to vary in response to mechanical stresses

and consequently to confining pressure (Loades et al., 2013).

The conservation of the root deflection frequency also hints at a potential mechanism
for growth through paths of least resistance in soil. Because deflections limit exposure
to large particle forces, they reduce the overall resistance opposed to elongation.
Deflections have also undesirable consequences on root foraging dynamics. For
example, models predict that stochastic deflections result in a transition from a
convective to a dispersive propagation through soil (Dupuy et al., 2018), and a

subsequent reduction in rooting depth.

The development of deep roots requires mechanical stability of elongating tissues.
Extreme pressures, deformations, or deflections of the root apex are known to affect

the cellular organisation of the meristem (Jackson et al., 2017). In such conditions, the
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developmental functions of the meristem may be affected, and the ability to explore
new regions of soil or access resources may become limited. Some control of the
morphological and structural properties of tissues in response to soil mechanical
properties must therefore prevail. The way sensing of and response to the

micromechanical environment operate, however, requires additional study.
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Figure 1. Experimental system for the study of root trajectories in response to soil
particle forces. A) Transparent Soils are used as soil analogue. Stained particles can
be used for visualisation and here also to quantify particle size distribution. The
histogram of particle size distribution (below) shows particles have an average
diameter of 1.07 mm £0.32. B) Biomechanical analysis of root soil interactions is
based on three experiments. First the buckling of root tips in compression was
characterised on living root tips using a universal test frame (left). Measurements and
control of particle forces were obtained from plants growing in a cylindrical chamber
with the Transparent Soil maintained under controlled mechanical pressure using a
piston fitted with a load cell (Methods S1). The transparent piston has a 3 mm opening
to (i) monitor changes in particle forces using a penetrometer needle (middle) and (ii)
to allow for emergence of the shoot (right). B) An optical projection tomography
system with two degrees of freedom (rotation and vertical translation) is used to image
the roots over large fields of view. The microscope assembles 720 projections of a root

taken every 0.5 degree and at three depths.
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Figure 2. Pipeline for mechanistic understanding of root growth trajectories. A) The
morphology of the root is characterised using a 3D image processing pipeline. (left)
projection data are assembled by stitching followed by 3D reconstruction using the
filtered back projection algorithm. A coarse representation of the centreline is first
obtained using automated tracing (centre) and fine mapping of the root centreline is
then obtained using multiplane tracing (right). B) Signal processing tools were
developed to mine for local deflection of the root and detect helical waveforms. Here
the root trajectory is projected in the XZ (top) and YZ (middle). The helical transform
then provides the power spectrum of spatial frequency of the helical waveforms
(bottom). The curve in red indicates the dominant wavelength waveform extracted by
the study. A theory is also developed to understand root responses to soil particle
forces. C) The theory considers two response modes. First, the root may overcome the
resistance F of the particle resisting straight elongation (left). When F reaches a critical
value, bending (M) and lateral displacement of particles (F) offer less resistance and
a deflection occurs. D) Because a root has inherent helical anisotropy (principal axis
of rotation as blue arrows, minor axis of rotations shown as red arrows), deflection
occurs in the 3-dimensional space where two directions of deflections of least
resistance 1/; and V, are equally probable. The sense of direction of the deflection is

then determined by other biological factors.
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Figure 3. Granular physics of Transparent Soil. A) Variation in the force F(N) resisted
by a penetrometer cone of similar size to a root (1.72 mm diameter) for different levels
of confining pressure and measured at depths between 20 mm and 30 mm. The forces
have been normalized by the averaged force (F) obtained over a travelled distance of
20 mm. The averaged force increases with confining pressure P. The markers indicate
local maxima of the forces at different confining pressure (red triangle 0 kPa, green
circle 25 kPa and blue square 50 kPa). To avoid sensitivity to sensor noise, only
maxima that are absolute on a neighbourhood of 30 um are identified. B) Probability
density distribution of the forces (red triangle 0 kPa, green circle 25 kPa and blue
square 50 kPa). C) Tail of the probability distribution of particle forces shows
exponential decline, where F,so,is the third quartile. D) Probability density
distribution of the distance between identified of forces F (markers in A) with red

triangle 0 kPa, green circle 25 kPa and blue square 50 kPa.
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Figure 4. A) Lentil seedlings grown at increasing levels of confining pressure (from
left). Typical centrelines (black curves) of roots grown under increased confining
pressure (right). The horizontal X-Y coordinates are multiplied by 4 to enhance
visibility. Markers indicate the sites of local maxima in root curvature and red lines
show the dominant helix obtained by helical transform. B) The power spectrum of the
helical transform from roots grown at respectively 0 kPa (red), 25 kPa (green) and 50
kPa (blue) shows helices can be both clockwise and anti-clockwise. C) Radius of the
helical waveforms is influenced by the pressure from the soil respectively (same
colour code as above) but the wavelength 1 is conserved at approximately 13 mm of
root length. D) Root deformations in response to compression forces and buckling also
exhibit helical patterns. The wavelength of the helix observed in these roots (12 mm)
closely matched those grown in soil and is shown in cyan in figure (C) as a vertical
line and a surrounding shadow indicating the confidence interval.
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Figure 5. Development in granular media induces microscale deflections of the growth
trajectory. A) The profile of root curvature along the root (shaded area) shows that the
overall growth trajectory of the root is dominated by a sequence of local changes in
direction. The sites of deflections (markers) have high curvature with comparison to
the expected curvature from the global helix (vertical lines). B) The frequency of
deflections expressed as the distribution of the distance between the sites of two
consecutive deflections. The frequency follows an approximate uniform distribution
and is not influenced by soil confining pressure. C) The curvature at the site of the
deflection is increased with the soil confining pressure. Observations made with a
Confocal Laser Scanning Microscope shows localised bending of the root, here under
25 kPa and 50 kPa (bottom left, scale bar 500 um). Red, green, and blue markers
indicate confining pressures of the Transparent Soil, respectively 0 kPa, 25 kPa and
50 kPa.
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Figure 6. Predictions of root responses to particle forces. A) The theory predicts
occurrence and magnitude of deflections, linking the distribution of root curvatures
(top) and the frequency of occurrence of deflections (middle) to critical particle force,
particle size and mean particle force. Suitable prediction can only be achieved with
relaxation of the root stiffness with time, here modelled with the Kelvin Voigt
viscoelastic model (bottom). Experimental data is plotted with dotted lines and
theoretical predictions are plotted with plain lines. Red, green, and blue markers
indicate confining pressures of respectively 0 kPa, 25 kPa and 50 kPa. B) Experiments
and simulations showed gravitropic response is also required to obtain realistic 3-
dimensional root trajectories, with both helical transform analysis (top) and
visualisation (bottom) showing the effect of gravitropism in the formation of helices.
Experimental data (black) shows the asymmetry ratio is influenced by deviation from
verticality which confirms the role of gravitropism in the formation of helical patterns.
Simulations of trajectory with random deflection (g,=0.5, red) leads to large deviation
from verticality and do not form dominant helical waveforms. When the sense of
rotation is fixed (g,=1, green), helical patterns are formed but deviations from
verticality are observed. When root deflection is gravitropic (equation 11, blue) helices
are formed with switches from clockwise to anticlockwise rotations. Plain lines were

obtained by linear regression and shaded areas indicate the prediction intervals.
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