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Abstract

During the progression of root in soil, root cap cells are the first to encounter obstacles and are known to sense
environmental cues, thus making the root cap a potential mechanosensing site. In this study, a two-layered growth
medium system was developed in order to study root responses to variations in the physical strength of the medium
and the importance of the root cap in the establishment of these responses. Root growth and trajectory of primary
roots of Arabidopsis seedlings were investigated using in vivo image analysis. After contact with the harder layer of
the medium, the root either penetrated it or underwent rapid curvature, thus enabling reorientation of growth. We
initially hypothesized that the root-cap structure would affect apex penetration and reorientation, with pointed caps
facilitating and domed caps impeding root penetration. This hypothesis was investigated by analysing the responses
of Arabidopsis mutants with altered root caps. The primary root of lines of the fez-2 mutant, which has fewer root-cap
cell layers and a more pointed root cap than wild-type roots, showed impaired penetration ability. Conversely, smb-3
roots, which display a rectangular-shaped cap, showed enhanced penetration abilities. These results, which contra-
dict our original hypothesis, reveal a role for resistance to buckling in determining root penetration abilities.

Keywords: Curvature, medium strength, Phytagel medium, root biomechanics, root buckling, root cap, root growth.

Introduction

Roots grow in a complex soil environment that exhibits spa-
tial and temporal heterogeneities, for example arising from
the presence of sand particles, stones, or areas of hardpan. The
ability of roots to penetrate the soil and to overcome phys-
ical obstacles depends either on their ability to find a path of
least resistance, or on their ability to generate sufficient force to
go through the obstacle (Bengough et al., 2010;Vollsnes et al.,
2010; Colombi et al., 2017a). The force needed to penetrate
soil, which is provided by root growth, is determined by the
soil strength. In natural conditions, soil strength—commonly
estimated by penetrometer measurements—is of the order of

1 MPa and may increase as the result of soil compaction or soil
drying (Jin et al., 2013; Kolb et al., 2017).

In a few laboratory studies, changes in soil strength have
been mimicked using simplified models such as two-layer
Phytagel-based growth media, in which the layers contain dif-
ferent concentrations of Phytagel (Yamamoto ef al., 2008;Yan
et al.,2017). 1t has been shown that adjusting the concentration
modulates the physical strength of the growth medium (Schiavi
et al.,2016).In such experiments where roots are consecutively
faced with a compliant and a stiff layer, the tips are submitted
to increasing axial stress. Roots that do not manage to generate
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sufficient force to penetrate the lower layer undergo buck-
ling, which dramatically changes the growth trajectory and
the straightness of the root (Massa and Gilroy, 2003; Silverberg
et al., 2012; Bizet et al., 2016). The maximal axial force that a
root is able to apply before buckling, given by Euler’s law, de-
pends on the rigidity, the length of the growth zone, and the
diameter of the root to the power of four (Timoshenko and
Goodier, 1970). In accordance with Euler’s law, species with a
greater increase in root diameter in response to the strength
of the medium are more efficient in penetrating strong layers
(Materechera et al., 1992). The shape of the root tip is also an
important feature that modulates the responses to the strength
of the medium (Ruiz et al., 2016; Colombi et al., 2017b). In
compacted soils, root tips with an acute opening angle grow
faster than root tips with a blunted geometry (lijima et al.,
2003a, 2003b; Colombi et al., 2017b). Colombi et al. (2017b)
showed that the shape of the tip influences the penetration
stress experienced by roots by modulating the distribution of
the local compaction concentrated around the tip.

The shape of the root tip arises from the shape of the cap that
covers and protects the root apical meristem. In Arabidopsis,
the root cap is organized in 3-5 cell layers of increasing age,
and is composed of the columella (COL) and the lateral root
cap (LRC) (Arnaud et al., 2010; Kumpf and Nowack, 2015).
Every formative division of root-cap stem cells generates a new
differentiating cell layer that pushes the older layers towards the
root periphery. COL mature cells are known to sense gravity
whereas LRC mature cells principally act as secretory cells
(Kumpt and Nowack, 2015; Sato et al.,2015). At the periphery
of the root cap, LRC mature cells undergo programmed cell
death (PCD) and are degraded on the root surface in the
elongation zone whereas COL mature cells are sloughed off,
releasing border-like cells into the rhizosphere (Vicré et al.,
2005; Fendrych et al., 2014). The balance between cell pro-
duction and cell sloughing controls the changes in root-tip
size and shape (Barlow, 2003). The study of root-cap forma-
tion has resulted in the identification of the molecular fac-
tors involved in cell production, differentiation, and sloughing.
Among these, the FEZ and SOMBRERO (SMB) transcription
factors from the NAC family (NO APICAL MERISTEM,
ARABIDOPSIS  TRANSCRIPTION  ACTIVATION
FACTOR, CUP-SHAPED COTYLEDON) have been iden-
tified. FEZ specifically promotes periclinal divisions of COL
and LRC stem cells (Willemsen et al., 2008). The fez-2 loss-
of-function mutant exhibits a lower rate of periclinal division
of the root-cap stem cells, which leads to a reduction of COL
and LR C cell layers compared to wild-type roots (Willemsen
et al.,2008; Bennett et al.,2014). SMB prevents the division of
the differentiating root-cap daughter cells and promotes their
differentiation. Additional COL and LRC cell layers are ob-
served in the smb-3 loss-of-function mutant (Willemsen et al.,
2008; Bennett et al., 2010). Moreover, SMB seems to indirectly
regulate the PCD of LRC mature cells by targeting PCD- and
cell clearance-specific genes (Fendrych et al., 2014; Huysmans
et al., 2018). In the smb-3 mutant, LRC cell death is delayed,
causing an increase in LRC size so that it reaches into the
elongation zone. After cell death, unprocessed dead cells accu-
mulate on the smb-3 root surface (Fendrych ef al.,2014).

The objective of this study was to investigate the role of the
structure of the root cap in the establishment of root responses
to the physical strength of the growing medium. We hypothe-
sized that pointed caps would facilitate root penetration whilst
domed caps would make penetration harder. We studied the
root responses of the fez-2 and smb-3 Arabidopsis mutant lines
because of their contrasting cap structure. We characterized the
cap morphology of the roots in order to determine whether
the loss or gain of cell layers affected root-cap size and shape.
Col-0, fez-2, and smb-3 roots were then grown in two-layer
Phytagel media of increasing mechanical resistance. Using a
spatio-temporal analysis, we characterized the ability of the
roots to penetrate the harder medium, the root growth rate,
and the root curvature. We found that penetration ability and
the reorientation in fez-2 and smb-3 primary roots were af-
fected in the opposite way to how we had hypothesized.

Material and methods

Plant material and growth conditions

The wild-type strain of Arabidopsis thaliana (Col-0) and the fez-2 and smb-
3 null-mutants used for the experiments were provided by the laboratory
of B. Scheres (University of Utrecht, The Netherlands; Willemsen ef al.,
2008; Bennett ef al., 2010, 2014). For all the experiments, Phytagel-based
growth media were developed. The growth medium consisted of half-
strength Murashige and Skoog (MS/2) medium adjusted to pH 5.7 and
containing Phytagel at different concentrations. Two-layer media were
made of an upper layer of medium containing 0.2% (w/v) Phytagel and a
lower layer containing 0.2%, 0.3%, or 0.5 % Phytagel (Supplementary Fig.
S1 at JXB online), hereafter referred to as 0.2/0.2, 0.2/0.3 and 0.2/0.5
medium. The two-layer media were poured into specific culture cham-
bers that consisted of polycarbonate boxes measuring 100X20 mm and
60 mm deep, which enabled roots to grow vertically inside the growth
medium. The two-layer media were prepared as follows. Sterilized MS/2
medium containing 0.2%, 0.3%, or 0.5% Phytagel was poured under
aseptic conditions into the culture chambers to a height of 30 mm. After
10 min, sterilized MS/2 medium containing 0.2% Phytagel was poured
onto the lower layer to a height of 10 mm.

Arabidopsis seeds were surface-sterilized for 10 min with 30% (v/v)
sodium hypochlorite solution added to 2% (v/v) Triton X-100. After five
washes in sterile distilled water, 10 seeds were gently placed on the surface
of the growth medium. The culture chambers were sealed, kept at 4 °C
in the dark for 2 d, and then placed at 23 °C under a 16-h photoperiod.

Mechanical properties of Phytagel growth medium

We performed compressive and penetration tests on the Phytagel media
to determine their elastic modulus and mechanical penetration resistance.

Measurement of elastic modulus

Growth media containing 0.2-1.2% (w/v) of Phytagel were poured into
10-mm deep Petri dishes. Then, 20X20X10 mm?® samples were cut and
placed in a universal testing device (Instron 5565). A uniaxial compressive
load was applied on the surface of the gel by displacement of the upper
plate with a constant loading rate of 0.5 mm min~" (Fig. 1A). A 100-N
load cell recorded the force needed to deform the samples. After a typ-
ical contact step, the loading force increased with the compression of
the sample before decreasing notably when the sample slipped or rup-
tured. Real-time load and displacement recordings provided character-
istic mechanical stress—strain curves (Fig. 1B). In the linear portion of the
curve, i.e. when stress is proportional to strain, deformation is considered
to be elastic (Schiavi et al., 2016) and the value of the elastic modulus
(E) of the Phytagel samples was determined from the ratio between the

6102 JaquanoN 20 Uo 1senb Aq $81.2195/8 ¥Z10/qxl/£601 0 1/10p/1oBISGE-0[0ILE-80UBAPE/GXI/WO0"dNO DlWBPEdE//:SdlY WOI) PapEojumoQ


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz418#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz418#supplementary-data

Root responses to increases in physical strength of the growth medium | Page 3 of 12

Stress (kPa)
= [ N
o w o

w

o

0.00 0.05 0.10 0.15
Strain

Fig. 1. Instrument used for compressive tests and an example of a
characteristic stress—strain curve obtained. (A) A 1.2% Phytagel cube
placed in an Instron device and compressed by an upper plate at a loading
rate of 0.5 mm min~". (B) Typical stress—strain curve resulting from the
compressive test. The elastic modulus, E, corresponds to the slope of the
linear portion of the curve, which is the zone of elastic deformation. (This
figure is available in colour at JXB online.)

incremental stress AG and the incremental strain rate A€ according to
Hooke’s law:

E=Ac/Ace )
where
o =F/A e
A
T ©)

and Fis the compression force (N), A is the surface area of the cross-section
of the sample (m?) on which the force is applied, [, is the initial thickness
of the sample (m), and Al is the change in thickness, i.e. the displacement
of the plate (m). Compressive tests were repeated for three samples of
each Phytagel concentration.

Measurement of resistance to penetration

Penetration tests were conducted for the 0.2/0.2, 0.2/0.3, and 0.2/0.5
two-layer media using Phytagel medium samples that were prepared in
the same culture chambers as used for root growth. A 2.5-mm diam-
eter needle was attached to a load cell (Instron, 100 N max) and moved
downward into the gel at a rate of 1 mm min~'. Real-time recording of
the force-displacement curve enabled the determination of the maximal
force required for the rupture of the interface between the upper and the
lower layer.

Root-cap shape and determination of sharpness index

Col-0, fez-2, and smb-3 lines were grown in a 0.2% single-layer medium
and at 5 d old primary roots were extracted and placed on a micro-
scope slide. The roots were stained with 10 pg ml™" propidium iodide (PI,
Sigma Aldrich) and observed using a LSM 800 laser-scanning microscope
(Zeiss) coupled to an Apochromat X20 lens.

To characterize the root-cap size and shape of each genotype, the
length of the vertical section, Ly, the diameter of the root at the qui-
escent centre, Dy, and the area of the radial section of the root cap, Ap,
were measured in longitudinal sections of the medium using the Image]
software (Schneider et al., 2017) (Fig. 2). An inverse Sharpness Index (iSI)
of the root cap was calculated according to the following equation:

AR — (LRDR)/Z

iSI =
LDy /2

#

The closer iSI is to 0, the more the root cap is pointed. Conversely, the
closer SIis to 1, the more the root cap has a rectangular shape.

Length of the root growth zone

Col-0, fez-2, and smb-3 lines were grown in a 0.2% single-layer medium
and at 5 d old primary roots were gently extracted and stained with

50 ym

Fig. 2. Characterization of the size and shape of the root cap in
Arabidopsis. (A) Confocal microscope image of a 5-d-old root of Col-0
stained with propidium iodide. The box indicates the section of the root
cap for which the size and shape were measured. (B) Root cap section
threshold using the Image J software. The morphology of the root cap was
characterized by its length, Ly (from the quiescent centre, QC, to the tip of
the cap), the diameter of the root at the QC, Dy, and the area of the root
tip section, Ag (corresponding to the hatched area). These three measures
enabled calculation of the inverse Sharpness Index (egn 4). (This figure is
available in colour at JXB online.)

10 ug ml™" PI. Using confocal optical sections of the roots, the length of
the cortical cells was measured from the quiescent centre up to 2 mm.
Assuming the roots were in a steady state with a constant cell flux, the
local velocity over the root apex (i.e. the rate at which a cell moves away
from the quiescent centre) was calculated from the cell length measure-
ments (for details see Silk and Erickson, 1979; Silk, 1992; Liu et al., 2013).
The velocity profile was used to calculate the length of the growth zone
of the roots, which corresponded to the length of the root section from
the quiescent centre to the point where the velocity reached 94% of the
maximal value (Supplementary Fig. S2).

Maximal root growth forces

The maximal axial force the roots were able to apply on the two-layer
medium interface before reorientation of the root apex was estimated for
Col-0, fez-2, and smb-3 roots grown in 0.2/0.3 medium. After contact
between the root and the interface, root axial growth induced a deflec-
tion of this interface until the root curved or the root apex deviated. The
shape of the interface just before root apex reorientation was traced using
Image]J software and the maximal deflection, d, of the interface was meas-
ured with regards to its initial position (i.e. before contact with the root).
The shape of the tip of the root cap was fitted by a circle of radius R.The
maximal force before root reorientation, F, applied on the interface by
the root apex was then estimated using the theory of elastic contact be-
tween a sphere and a half-space medium (Hanaor ef al., 2015):

4 3 -
Feric = 5E*R%d% ©)
where
2 2
i* _ 1—-vy 1-v3 ©)
E E, E,

and E; and E, are the elastic moduli of the lower medium layer and of the
root apex, respectively, and v; and Vv, are the Poisson ratios of the lower
layer and the root apex, respectively. Assuming that E, was much larger
than E;, the second part of the equation was neglected, and the value of
v, was estimated as 0.5 (Ahearne et al., 2005).

Time-lapse photography and image processing

Root growth and orientation were subjected to time-lapse imaging
from 5 d after sowing. Two Nikon D7100 cameras equipped with macro
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lenses (AF-S micro NIKKOR 60mm {/2.8G ED) and controlled by
DigiCamControl software were placed on a rack in front of the culture
chambers. Images of the roots growing in the two-layer media were re-
corded every 5 min for at least 24 h. Only the roots remaining in the focal
plane of the objectives were analysed. All images were pre-treated using
the Rawtherapee software (v4.2.1; https://rawtherapee.com/) and were
analysed using the RootStem Extractor software developed by the PIAF
laboratory (Chauvet et al., 2016). Briefly, the software enabled extraction
of the topological skeleton of each root by screening the pictures perpen-
dicularly to the root axis with a step of 0.3 pixels. The length of the root
on each picture and the local inclination as a function of the curvilinear
abscissa can be computed from the coordinates of the skeleton. The root
length as a function of time enabled us to calculate root growth rate by
linear fit. Curvature intensity along the root was obtained by deriving the
local inclination as a function of time and space. The curvature intensity
data are presented in graphs composed of three dimensions: a vertical axis
corresponding to root length from the beginning of the measurement,
a horizontal axis corresponding to time, and a colour bar that depicts
curvature intensity. On the spatio-temporal graphs, the green colour in-
dicates a straight section of the root, while the red and blue colours depict
the highest positive and negative curvatures, respectively.

Gravitropic responses of the roots

Col-0, fez-2, and smb-3 roots were grown vertically into a 0.5% Phytagel
single-layer medium for 5 d. The culture chambers were tilted by 90°
(i.e. horizontal) and images of the primary roots were then recorded
every 10 min for 22 h. Analysis of the time-lapse images with RootStem
Extractor was used to measure root length and root-tip angle over time
(Supplementary Fig. S3). These data were used to calculate the gravitropic
response by applying the equation described by Chauvet ef al. (2016).

Statistical analysis

All data were analysed using R software (RStudio, R.3.3.4; www.rstudio.
com) and are presented as means (+SD) in the Results. The Shapiro-Wilk
test was used to test for normal distribution of the data and the Bartlett
test was used to test for homoscedasticity. One- or two-way ANOVA

20

=
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=
o

0.05 0.10

Strain

0.15 0.20

10

Compress
o
o
N

0.00

0 1 2 3 4 5
Displacement (mm)

were used to determine whether the effect of each factor was significant.
When significant differences were observed, post-hoc analyses based on
Tukey’s test were applied to the data.

Results

Phytagel concentration affects both the rigidity and
penetration resistance of the growth medium

The elastic modulus, E, obtained from compressive tests, was
measured for Phytagel concentrations ranging from 0.2-1.2%
(Fig. 3A, B). The 0.2%, 0.3%, 0.5%, and 1.2% media had mean
(£SD) E values of 3.1£0.2 kPa, 7.6£1.4 kPa, 31.916.6 kPa,
and 158.3118.3 kPa, respectively (Fig. 3B), indicating that E
was highly dependent on the Phytagel concentration.

Penetrometer tests were performed in 0.2/0.2, 0.2/0.3, and
0.270.5 two-layer media (Fig. 3C, D). The curves of the com-
pression force versus needle displacement were divided into
two steps: (I) after the first contact with the lower layer sur-
face, the compression force increased markedly until reaching a
maximal value; and (I) as the needle penetrated the lower layer,
the loading force rapidly collapsed (Fig. 3C). The specific pat-
tern of the displacement-force curves illustrated the presence
of the interface between the two medium layers, the rupture
of which required a specific force, called the maximal strength,
which may have reflected a slight drying out of the surface of
the lower layer during the 10 min preceding the pouring of
the upper layer. The maximal strength was 0.03+0.01 N in the
0.2/0.2 medium, 0.0510.02 N in the 0.2/0.3 medium, and
0.11£0.02 N in the 0.2/0.5 medium (Fig. 3D).Thus, the max-
imal strength increased significantly with the Phytagel concen-
tration of the lower medium layer.
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Fig. 3. Mechanical properties of Phytagel growth media. (A) Stress—strain curves resulting from compressive tests performed on cubes of growth
medium containing Phytagel at concentrations ranging from 0.2-1.2%. The data shown correspond to individual measurements. (B) The elastic modulus,
E, was estimated using the slope of the linear portion of the stress—strain curve (Fig. 1). Data are means (+SD), n=3. (C, D) Penetrometer tests performed
to examine the mechanical resistance of the interface in two-layer media. (C) Compression force during penetration of the needle into the lower layer of
medium of 0.2%, 0.3%, and 0.5% Phytagel. The reference starting point for displacement corresponds to the first contact between the needle tip and
the interface. The data shown correspond to individual measurements. (D) Maximum strength required for the needle to induce rupture of the interface as
a function of the Phytagel concentration of the lower layer of the medium. Data are means (+£SD), n=4.
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The Arabidopsis fez-2 and smb-3 mutations affect
root-cap size and shape in primary roots

Several morphological traits were examined in the Col-0, fez-
2,and smb-3 primary roots in order to specify the impact of the
mutations on root-cap size and shape (Fig. 4). Compared to the
wild-type (WT), the fez-2 root cap was shorter and narrower
at the base, whereas the smb-3 cap was longer and larger at
the base (Fig. 4D, E). However, mean root diameter measured
at 500 pm from the tip of the cap was not significantly dif-
ferent between the three genotypes (Supplementary Fig. S4).
Estimation of the inverse Sharpness Index indicated that fez-
2 root caps (iISI=0.30£0.07) were significantly more pointed
than WT caps (0.4110.06) whilst smb-3 displayed a more rect-
angular shape (0.5%0.13; Fig. 4F). Our morphological charac-
terizations thus showed that fez-2 and smb-3 mutations altered
the root cap size and shape in Arabidopsis primary roots.

The smb-3 mutation affects root growth and the
gravitropic response whereas the fez-2 mutation
does not

From a kinematic analysis, the mean length of the growth zone
from the quiescent centre to the end of the elongation zone
was estimated to be 9171194, 8461303, and 8981299 um
in the WT, fez-2, and smb-3 lines, respectively (Fig. 5A,
Supplementary Fig. S2), suggesting that the mutations may not
affect the size of the zone. Analysis of root growth in a 0.2%
Phytagel single-layer medium showed that the mean growth
rate of WT (3.2£0.8 pm min ') and fez-2 (3.0£0.7 wm min ")
roots was not significantly different, whereas smb-3 roots
grew more slowly (1.6+0.3 pm min~") (Fig. 5B). Moreover,
WT and fez-2 roots exhibited a similar gravitropic response
(0.171£0.05 and 0.1710.02, respectively), whereas smb-3 roots
exhibited a significantly higher response (0.3610.15; Fig. 5C,

Supplementary Fig. S3). Our preliminary studies thus showed
that the fez-2 mutation mainly affects the size and shape of
the root cap whereas the smb-3 mutation also affects the root
growth and gravitropic responses.

The fez-2 and smb-3 mutations affect the ability of
primary roots to penetrate the harder layer of the
growth medium

In order to understand the role of cap structure in the root
response to an increase in the strength of the growth medium,
the penetration abilities of the primary roots of the three
genotypes were compared in two-layer Phytagel media. In
the 0.2/0.2 medium, where the increase in strength was the
weakest, 100% of the WT and smb-3 roots crossed the interface
to penetrate the lower layer, whereas only 83% of the fez-2
roots were able to do so (Table 1). In the 0.2/0.3 medium,
60% of the WT primary roots penetrated the 0.3% lower layer
whilst 80% of the smb-3 and 28% of the fez-2 roots were able
to do so. Finally, only 1.7 % of the WT roots and 18.3% of the
smb-3 roots penetrated the 0.5% lower layer in the 0.2/0.5 me-
dium, and none of the fez-2 roots were able to do so.

Thus, compared with the WT, the fez-2 roots exhibited
impaired penetration ability in response to an increase in the
strength of the growth medium, whereas the smb-3 roots ex-
hibited enhanced penetration ability. In order to determine the
cause of these differences, we estimated the critical force that
each root was able to apply on the two-layer medium interface
before apex reorientation occurred.

The critical axial growth force of primary roots is
impaired in fez-2 and enhanced in smb-3

The critical axial force was estimated for primary roots of the
three genotypes growing in the 0.2/0.3 medium, in which

b =
o N
5 =1

o
o

Root diameter (um)

-
wn

70

0.254

Col-0 fez2 smb-3 Col-0

fez2 smb-3 Col-0 fez2 smb-3

Fig. 4. Morphology of Arabidopsis Col-0, fez-2, and smb-3 root caps. (A-C) Representative confocal microscope images of 5-d-old roots that were
grown in compliant medium containing 0.2% Phytagel. The roots are stained with propidium iodide. Asterisks indicate the quiescent centre (QC). The
scale bar is 100 pm. (D) Diameter of the roots at the QC. (E) Length of the root cap from the QC to the tip of the root cap, Lr (Fig. 2). (F) The inverse
Sharpness Index (iSl) of the root tips (egn 4). Data are means (+SD), n=20. Different letters indicate significant differences as determined using one-way

ANOVA followed by Tukey’s test (P<0.05).
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Fig. 5. Growth and gravitropic responses of Arabidopsis Col-0, fez-2, and smb-3 root apexes. (A) Length of the growth zone from the quiescent centre
to the end of the elongation zone, estimated using a kinematic analysis. (B) Growth rates of roots growing in compliant 0.2% Phytagel single-layer
medium. (C) Gravitropic response of roots after tilting by 90°. The data are expressed in dimensionless units (Chauvet et al. (2016). Data are means
(£SD), 14<n<18 (A), n=15 (B), and 14<n<16 (C). Different letters indicate significant differences as determined using one-way ANOVA followed by Tukey’s

test (P<0.05).

Table 1. Penetration ability of Arabidopsis Col-0, fez-2, and smb-
3 primary roots in two-layer Phytagel media

Genotype Penetrating roots (%)

0.2/0.2 interface  0.2/0.3 interface

0.2/0.5 interface

Col-0 100.00+0.00 @ 60.00+3.65 °© 1.67+1.67 ¢
fez-2 83.33+4.94 © 28.33+3.07 ¢ 0.00+0.00 ©
smb-3 100.00+0.00 @ 80.00+5.16 ° 18.334.77 ¢

Penetration ability is represented by the percentage of roots that were
able to penetrate the 0.2%, 0.3%, and 0.5% lower layers of the Phytagel
media. The upper layer was 0.2% in each case. For each genotype

and interface, 10 roots in each of six replicate preparations of growth
medium were observed 8 d after germination, and the data are presented
as means (+SD), n=60. Different letters show significant differences as
determined using two-way ANOVA followed by Tukey’s test (P<0.05).

the greatest differences in penetration ratio were observed
between the three lines (Table 1). Upon contact, root axial
growth induced a deflection of the interface until either the
interface ruptured or a zone of curvature in the root was initi-
ated. We measured the deflection of the interface before curva-
ture initiation for roots that did not penetrate the lower layer
(Fig. 6A). Wild-type roots displaced the interface to a mean
maximal depth, d, of 0.37+0.03 mm, whilst for fez-2 roots
d=0.27£0.01 mm and for smb-3 roots d=0.4910.03 mm (Fig.
6B). The values of d together with the radius of the tip of
the root cap and the rigidity of the lower layer of the me-
dium (E=7.6 kPa) made it possible to estimate the critical
axial growth force of the primary roots (Fig. 6C), which were
found to be 1.124+0.14 107 N for the WT, 0.66+0.07 107°
N for fez-2, and 1.77+0.18 10> N for smb-3. This confirmed
that smb-3 roots were able to apply a higher axial force on the
interface compared with then WT, whilst fez-2 roots applied a
weaker force.

The fez-2 and smb-3 roots exhibit altered patterns of
curvature in response to an increase in the strength of
the growth medium

Roots that did not apply a sufficient axial force to induce
rupture of the interface between the two layers of media re-
orientated their growth as the result of initiation of zones of
curvature. This initiation was monitored as a function of the

increase in the strength of the medium and as a function of
the genotype (Supplementary Videos S1-S7). Representative
examples of WT, fez-2, and smb-3 roots reorientating their
growth in 0.2/0.3 and 0.2/0.5 media are presented in Figs 7-9.

Following contact with the 0.3% interface, non-penetrating
roots first grew downwards against the interface and deformed
it until a first zone of curvature was formed (Fig. 7). This first
zone appeared at 515198, 603£33, and 398+53 pum from the
tip of the root cap in WT, fez-2, and smb-3 roots, respectively.
Once established, the curvature covered a zone of 6571121,
977458, and 414473 pm in WT, fez-2, and smb-3 roots, re-
spectively (Fig. 7, Supplementary Table S1). The length of the
zone was significantly greater in fez-2 roots than in smb- 3 roots,
but no significant differences were observed between the WT
and mutant roots. Initiation of the first zone of curvature in-
duced lateral deviation of the fez-2 root apex whereas the WT
and smb-3 apexes continued to grow downwards. These dif-
ferent behaviours led to the establishment of two distinct root
shapes (Fig. 8, Supplementary Videos S1-3). In WT and smb-3
roots, several similar zones of curvature were initiated succes-
sively, leading to the formation of one or more curls (Fig. 8A,
Supplementary Videos S1, S2); thus, these roots developed a
‘curly’ shape in the 0.2/0.3 medium. In fez-2 roots, the lateral
deviation of the apex was followed by the initiation of a second
zone of curvature with characteristics distinct from the first
zone (Figs 7B2, 8B). Whereas the first zone was maintained
after its establishment, the second one moved and kept a con-
stant distance from the tip of the root cap (Fig. 7). The estab-
lishment of the two distinct zones of curvature in fez-2 roots
led to the formation of a ‘step-like’ shape (Fig. 8B).

In the 0.2/0.5 medium, all the WT and fez-2 roots developed
a step-like shape following contact with the interface (Fig. 9,
SupplementaryVideos S4, S5). For the smb-3 line, three distinct
root shapes were observed: ‘curly’, ‘wavy’, and ‘step-like’ shapes
(Supplementary Videos S6, S7). The spatio-temporal establish-
ment of the step-like shape of primary roots was compared
between the three genotypes. After contact with the 0.2/0.5
interface, a first zone of curvature was formed at 540%50,
664164, and 407132 pm from the tip of the cap in WT, fez-2,
and smb-3 roots, respectively (Fig. 9). In fez-2 roots, curvature
was initiated significantly further from the tip than in smb-3
roots, but no significant differences were observed between the
WT and the mutant roots (Supplementary Table S2). Once
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Fig. 6. Critical axial force of Arabidopsis Col-0, fez-2, and smb-3 roots. (A) Schematic diagram of a root apex growing against the 0.2/0.3 % Phytagel
interface with elastic modulus £,=7.6 kPa. The curve represents the shape of the interface just before initiation of root curvature: d is the corresponding
maximal deflection of the interface and R is the radius of the root tip in contact with the surface. The dashed line corresponds to the initial shape of

the interface before contact with the root apex. (B) The shapes of the interface (E=7.6 kPa) as deformed by the root tips of the three genotypes just
before initiation of curvature. The solid lines are means of n=10 replicates and the shading represents +SD. The dashed line corresponds to the initial
shape of the interface before contact with the root apex. (C) Evaluation of the critical force, F, that the roots were able to apply on the interface before
reorientating (eqn 5). Data are means (+SD), n=10.. Different letters indicate significant differences as determined using one-way ANOVA followed by

Tukey test’s (P<0.05).
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Fig. 7. Spatio-temporal characterization of apex reorientation of Arabidopsis Col-0, fez-2, and smb-3 roots in the 0.2/0.3 % Phytagel medium. (A1, B1,
C1) Skeleton and (A2, B2, C2) spatio-temporal analyses of primary roots reorientating after contact with the 0.2/0.3 interface for (A) Col-0, (B) fez-2,

and (C) smb-3. In the spatio-temporal graphs, root length is presented as a function of time and the colours represent curvature intensity: negative for
right-handed curvature and positive for left-handed curvature. Green corresponds to the straight zones of the roots, while red and blue depict the highest
positive and negative curvatures, respectively. The dashed lines indicate the time of initial contact between the root apex and the interface. The black and
purple arrowheads indicate the initiation of the first and the second zones of curvature, respectively.

established, the curvature extended over a zone of 657£121, and smb-3 roots (4.840.6 mm™'). As the apex reorientated its
977458, and 414173 pm in the WT, fez-2, and smb-3 roots,re-  growth, the roots of all three genotypes showed a second zone
spectively (Fig. 9). Thus, the zone of curvature was significantly ~ of curvature, the establishment of which showed common
longer in fez-2 roots than in WT and smb-3 roots. Moreover, characteristics except for the maximal intensity, which was sig-
the maximal curvature intensity was significantly weaker nificantly weaker in fez-2 roots (Fig. 9, Supplementary Table
in fez-2 roots (2.320.5 mm™") than in WT (4.720.5 mm™') S2).The second zone of curvature remained at a constant
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Fig. 8. Major time-steps in the establishment of the curly (A) and step-like (B) root morphologies after contact between the Arabidopsis root apex

and the interface of the 0.2/0.3 % Phytagel medium. Representative images are shown of root apex reorientation and curvature of roots that did not
penetrate the lower layer in the 0.2/0.3 medium at 0-20 h after contact with the interface. (A) A wild-type (Col-0) root that developed a characteristic
curly morphology. (B) A fez-2 root that developed a characteristic step-like morphology. The yellow arrows indicate the 0.2/0.3 interface. Red arrowheads
indicate the formation of zones of curvature. to the scale bars are 500 pm.
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Fig. 9. Spatio-temporal characterization of apex reorientation of Arabidopsis Col-0, fez-2, and smb-3 roots in the 0.2/0.5 % Phytagel medium. (A1, BT,
C1) Skeleton and (A2, B2, C2) spatio-temporal analyses of primary roots reorientating after contact with the 0.2/0.5 interface for (A) Col-0, (B) fez-2,

and (C) smb-3. In the spatio-temporal graphs, root length is presented as a function of time and the colours represent curvature intensity: negative for
right-handed curvature and positive for left-handed curvature. Green corresponds to the straight zones of the roots, while red and blue depict the highest
positive and negative curvatures, respectively. The dashed lines indicate the time of initial contact between the root tip and the interface. The black and
purple arrowheads indicate the initiation of the first and the second zones of curvature, respectively.

distance from the tip of the cap during root growth along the These two-layer media experiments demonstrated that root
0.2/0.5 1interface. apex reorientation and the establishment of zones of curvature
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were affected by both the mechanical resistance of the inter-
face and by the size and shape of the root cap.

Root growth rates in the three genotypes respond
differently to increases in the strength of the medium

Growth rates were determined for WT, Col-0, fez-2, and smb-
3 roots in media with Phytagel interfaces of 0.2/0.2, 0.2/0.3,
and 0.2/0.5.

In the 0.2/0.2 medium only the growth rates of penetrating
roots were measured, whilst in the 0.2/0.3 medium the growth
rates were measured for both penetrating and reorientating
roots (Supplementary Tables S3, S4). In wild- reorientating
roots of the WT, the contact between the root and the interface
was followed by a significant 60% decrease in mean growth
rate (Fig. 10A). Unfortunately, our experimental system based
on 2D visualization of the roots prevented measurement of the
root growth rate through to the end of the reorientation of the
apex. A significant 60% decrease in mean root growth rate was
also observed in reorientating roots of smb-3 whereas no sig-
nificant decrease was observed in reorientating roots of fez-2
(Fig. 10A, Supplementary Table S4).

In the 0.2/0.5 medium, the growth rate of WT roots de-
creased by 37% after contact with the interface (upper layer
3.0+0.2 um min', lower layer 1.9£0.3 pm min'; Fig. 10B),
and the initial growth rate did not recover when reorientation
of the apex was complete. The reorientation of the apex of
smb-3 roots after contact with the interface was also accom-
panied by a significant 44% decrease in mean growth rate (Fig.
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Fig. 10. Growth rate of Arabidopsis Col-0, fez-2, smb-3 roots in two-layer
media before and after contact with the interface. Growth rates are shown
for roots that reorientated their growth after contact with the interface in
(A) 0.2/0.3 % Phytagel medium and (B) 0.2/0.5 medium. Data are means
(SD), 8<n<12. The dashed lines indicate the time of initial contact between
the root tip and the interface.

10B, Supplementary Table S4). In contrast, fez-2 roots showed
no variation in growth rate after contact with the interface.

These results showed that the increase in the strength of the
medium in the two-layer system affected the growth rate of
WT roots, and this effect seemed to be altered in the roots of
the mutants, especially for fez-2.

Discussion

Our experimental design proved to be suitable for investigating
root responses to differences in the strength of the growing
medium. Precise characterization of mechanical properties of
the media showed strong correlations between rigidity, pene-
tration resistance, and Phytagel concentrations (Fig. 3). In add-
ition, precise spatio-temporal analyses of root growth rate and
root apex orientation allowed us to discriminate between the
passive and active mechanisms involved in the reorientation.
By using three genotypes of Arabidopsis with contrasting root-
cap morphologies, namely the Col-0 wild-type and the mu-
tants fez-2 (pointed cap) and smb-3 (rectangular-shaped cap),
our study has resulted in a better understanding of the role of
the root-cap structure in the responses to mechanical stresses.

Root apex reorientation involves both passive and
active mechanisms

In our experimental system, roots grew first through a layer
of medium of low strength before arriving at an interface
with a layer of higher strength. In response to intermediate
and high increases in strength at the interface, the growth
rates of wild-type (WT) roots decreased significantly (Fig. 10,
Supplementary Tables S3, S4).These decreases, which were ob-
served for both penetrating and non-penetrating roots, were
comparable to those observed in poplar roots confronted with
a physical obstacle (Bizet et al., 2016). This suggests the ex-
istence of a biological process that senses the increase in the
strength of the medium and that subsequent responses were
triggered in the WT roots (Bizet ef al., 2016).

Root growth against an interface in strength generates
an increasing compression reaction force on the root (Kolb
et al., 2017). If the compression force reaches a critical value
while the root is still in contact with the obstacle, buckling
can occur as predicted by Eulers law (Bizet e al., 2016).
Buckling was observed for non-penetrating roots in all three
genotypes and resulted in two distinct principal shapes being
observed depending on the genotype and on the strength of
the interface. When encountering an intermediate increase in
in the strength of the medium, non-penetrating roots mostly
developed a curly shape (Fig. 8A). This shape has previously
been observed in Medicago truncatula roots growing in a two-
layer Phytagel medium (Silverberg ef al., 2012) and, from a
mathematical model based on the theory of buckling rods,
it was attributed to a combination of helical buckling and
simultaneous twisting near the root tip. For most of the curly
roots, the first curvature was initiated in a zone between
400-700 pm from the tip of the root cap (Fig. 7). According
to our kinematic analyses performed on roots growing in a
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compliant single-layer medium, this seemed to correspond to
the zone where the maximal elongation rate occurred (Fig.
5, Supplementary Fig. S2). Thus, the zone of curvature ini-
tiation may correspond to the zone of mechanical weakness
described by Bizet et al. (2016).To confirm this, in vivo kine-
matic analyses would need to be carried out on roots growing
in two-layer media. Taken together with previous studies, our
results suggest that the curly shape is mainly driven by the
mechanical response of the root acting as a ‘growing’ rod, the
end of which is blocked by an obstacle.

The second distinct shape had a step-like appearance and
was observed in roots mostly in response to the highest in-
crease in the strength of the medium across the interface (Fig.
8B). In this case, the first curvature induced deviation of the
root apex, which implied a change from axial to asymmetric
radial forces being applied on the apex. The kinetics and the
position of curvature initiation suggested that it may be in-
terpreted as buckling. The first curvature was followed by the
initiation of a second one, closer to the root apex, that allowed
the root tip to regain a vertical position (Fig. 9). Since the
second zone of curvature remained at a constant distance from
the tip of the root cap after its establishment, it would have pro-
vided the root tip with a steady form from changing cells (Silk,
1992). The second curvature has previously been described as
the result of the interaction between gravitropic and thigmo-
tropic responses (Massa and Gilroy, 2003). The deviation of the
root apex was preceded by a decrease in root growth rate that
did not recover after relaxation of the axial mechanical stresses
(Fig. 10). The initiation of the second curvature and the con-
tinuation of the reduced growth rate suggest that, even if the
first curvature was initially provoked by buckling, the direction
of the subsequent growth may have been reorientated in an
active way.

The different patterns of the establishment of curvature
suggest that the mechanical strength of the interface deter-
mines the subsequent root response (buckling or bending). An
intermediate-strength interface may allow the root apex to
sink into it, preventing its deviation after root buckling. In con-
trast, a strong interface seemed to be barely deformed by the
root apex, which may then be free to deviate and may trigger
active root reorientation.

The structure of the root cap affects the root response
to an increase in the strength of the growth medium in
the opposite way to that expected

Based on previous studies (Vollsnes et al., 2010; Ruiz et al.,
2016; Colombi et al.,2017b), we hypothesized that the shape of
the root cap would influence the penetration ability of the root
and its response to the strength of the medium by changing the
distribution of mechanical stresses that result from the axially
orientated external force. It has been suggested that a pointed
root tip increases the axial stresses at the forefront of the tip ra-
ther than around it, resulting in enhanced initiation of cracks in
the medium and enhanced penetration ability (Colombi ef al.,
2017b). However, contrary to this hypothesis, roots of the fez-2
mutant that have pointed tips (Fig. 4) exhibited reduced pene-
tration abilities in the two-layer media compared to WT roots,

whereas roots of smb-3 that have dome-shaped tips exhibited
enhanced penetration abilities. In the roots of the mutants, es-
pecially those of fez-2, given that the morphological alterations
were mainly related to the structure of the cap, our results sug-
gest that it is the cap structure that affects the establishment
of the responses to the strength of the medium, but in a way
that contradicted our hypothesis. This suggests either that the
shape of the root cap is not the key feature that determines the
root responses, or that another factor could influence the es-
tablishment of the responses. In light of this, attention should
be paid to the relative cap rigidity of the WT and mutant roots.
The loss or accumulation of root-cap cell layers, modulating
its dimensions, could modify the local bending rigidity and
compression behaviour that drive the ability of root apex to go
forward in the medium. In fez-2 roots, the potential benefit of
a more pointed cap shape with regards to penetration ability
could be reduced by low cap rigidity, meaning that the root
could not experience high mechanical stress without under-
going buckling or compressive rupture.

The differences in penetration abilities between the mutant
and WT roots may be attributable to their different critical
buckling forces. Our results showed that the fez-2 roots applied
a lower critical axial force on the interface before buckling
compared with the WT whilst the smb-3 roots applied a higher
critical force (Fig. 6). These differences may be explained either
by differences in diameter and/or rigidity at the buckling zone
of the root, or by differences in the length of the growth zone,
as defined by Euler’s law. Our characterizations of the root
morphologies of the mutants did not reveal any differences in
the diameter or length of the growth zone compared to the
WT roots in conditions where the strength of the medium was
low (Fig. 4)-. Our results suggest that either the rigidity of mu-
tant roots was different compared to that of the WT, or that the
length of the growth zone, tissue rigidity, and/or root diameter
may have been modulated differently between the genotypes
in response to an increase in the strength of the medium.

Further experiments need to be conducted to confirm ei-
ther of these hypotheses, such as atomic force microscopy as-
says in order to accurately characterize local rigidity in the root
tissues. In particular, the lower and higher root diameters at the
quiescent centre, resulting from fewer and more lateral root-
cap cell layers flanking the fez-2 and smb-3 root apexes, re-
spectively, could constitute an advantage for penetrating harder
layers in the medium by affecting local rigidity in the roots
(Bennett ef al., 2010; Fendrych et al., 2014). In addition, in vivo
kinematic analyses could be performed on roots growing in
two-layer media in order to define the effect of the increase
in strength on the length of the growth zone. At present, if the
second hypothesis turns out to be true, we may speculate that
increases in the strength of the medium are perceived by root-
cap cells and that signal transduction triggers responses in the
elongation zone. In fez-2 roots, the reduction in the number of
cell layers in the cap may alter the mechanosensitivity and thus
affect the establishment of root responses to an increase in the
strength of the medium. The fact that the growth rate of fez-2
roots was not affected by the strength of the medium supports
this hypothesis. A properly formed root cap may be required
to trigger the signal perception and transduction processes and

6102 JaquanoN 20 Uo 1senb Aq $81.2195/8 ¥Z10/qxl/£601 0 1/10p/1oBISGE-0[0ILE-80UBAPE/GXI/WO0"dNO DlWBPEdE//:SdlY WOI) PapEojumoQ


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz418#supplementary-data

Root responses to increases in physical strength of the growth medium | Page 11 of 12

thus to allow the root to respond to an increase in the strength
of the medium.

Conclusions

During their progression in soil, roots frequently face phys-
ical heterogeneities that they must either move or cross by
generating mechanical forces, or must circumvent by reorien-
tating their growth. Our study provides new insights into the
role of the root cap in root penetration and reorientation in
response to variations in the strength of the growth medium.
‘When Arabidopsis primary roots encounter layers in the me-
dium with increasing strength, they adopt three main types of
response: root penetration, root buckling without apex deviation
that leads to a curly shape, or root buckling followed by apex
deviation that leads to a step-like shape. These responses were
different in the roots of the fez-2 and smb-3 mutants, which pos-
sess more pointed and more rectangular cap shapes, respectively.
The differences in penetration ability, reduced in fez-2 roots and
enhanced in smb-3 roots, seems to result from different resist-
ances to root buckling. These results suggest that the structure of
the cap could affect root responses to the strength of the growth
medium by influencing root resistance to buckling.

Supplementary data

Supplementary data are available at JXB online.

Fig. S1. Images of the two-layer Phytagel media that were
used to study root responses.

Fig. S2. Cell length and velocity profiles of roots growing in
a single-layer medium.

Fig. S3. Gravitropic responses of roots growing in a single-
layer medium.

Fig. S4. Diameter of the roots at 500 um from the tip of the
root cap when grown in a single-layer medium.

Table S1. Characteristics of the zones of curvature formed in
reorientating roots in the 0.2/0.3 medium.

Table S2. Characteristics of the zones of curvature formed in
reorientating roots in the 0.2/0.5 medium.

Table S3. Detailed growth rates of penetrating roots in the
0.2/0.2 and 0.2/0.3 media.

Table S4. Detailed growth rates of reorientating roots in the
0.2/03 and 0.2/0.5 media.

Video S1. Time-lapse movie of a reorientating wild-type
root in the 0.2/0.3 medium.

Video S2.Time-lapse movie of a reorientating smb-3 root in
the 0.2/0.3 medium.

Video S3.Time-lapse movie of a reorientating fez-2 root in
the 0.2/0.3 medium.

Video S4. Time-lapse movie of a reorientating wild-type
root in the 0.2/0.5 medium.

Video S5.Time-lapse movie of a reorientating fez-2 root in
the 0.2/0.5 medium.

Video S6.Time-lapse movie of a reorientating smb-3 root in
the 0.2/0.5 medium forming a step-like shape.

Video S7.Time-lapse movie of a reorientating smb-3 root in
the 0.2/0.5 medium forming a wavy shape.
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