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Abstract

By taking up nutrients and water, root growth has an important influence on
plant growth and productivity. Thereby, root growth is influenced by its
surrounding soil conditions, which vary spatially even on a small scale. Hence,
different parts of the root system are exposed to different penetration resistances in
the soil. As root cells are connected by their cell walls, information about growth
conditions can be transferred throughout the root system, which is why roots can
react to the soil conditions of their neighbouring roots.

By doing in-vivo measurements in a hydroponic system, this study investigated
the responses of unimpeded roots to local mechanical stress of their neighbouring
roots. To do so, the primary or seminal roots were exposed to vertical or horizontal
obstacles. Using a time-lapse imaging system under infra-red light in combination
with particle image velocimetry the underlying processes of root growth, such as
the growth direction, the growth rate, the cell elongation rate, and the growth zone
length were quantified.

In this study, the primary and seminal roots showed contrasting responses of root
growth rate and root growth direction. While the primary roots did not response to
a restriction in growth of the seminal roots, seminal roots reacted to the applied
stress in the same way as the impeded roots, even if the stress did not occur in their
environment. In the case, where the roots found a way to work around the
anticipated stress, they compensated for the impaired root with an increase in
growth rate.

The fact, that the primary root did not show this response, might be due to their
different functions in the root system. Furthermore, the relative root growth rate
was stronger associated with the relative length of growth zone than with the
relative elemental elongation rate. Nevertheless, the elemental elongation rate
might be the driver for short-term adjustments.

Keywords: kinematics analysis, time-lapse imaging, root growth rate, root curvature, soil
heterogeneity, local mechanical stress






Table of contents

List Of tables.......cooiiiiiir s 6
LisSt Of fIQUIES ....coiiiieie it 7
AbDBreviatioNns........cccooiir s 9
01 € Yo 11T T o 10
1.1 Why root growth is important and where it OCCUrS ...........ccccoviiiiiiiiiiiiie e 10
1.2 Roots grow in heterogenous SOIIS ........ccooiiiiiiiiiiiiiiee e 11
1.3  Functions and soil regions of different roots classes..........cccoccccveeeiiiiiicccciieennnn. 12
1.4 Challenges in root research and potential of image-assisted growth quantification
................................................................................................................................ 13
1.5 AIM Of the StUAY.....eeeii e 14
2, Materials and Methods...........cccccmiiiiiiiccccrrrr e e 16
2.1 EXperimental SE-UD .......oiiiiiiiee e 16
P2 N (=Y 11 1 =T o1 £ PR 17
2.3 Plant material & growth CoNditions ..........cueeiiiiiiiiiiii e 19
24 Time-lapSe IMAGgING .......eeeiiiiiiiiee ettt e e s ebbe e e e e e b e e e e enneeas 19
2.5 IMAging PrOCESSING .cciuueeiieeiiitiiee ettt ettt e e et e e e ettt e e e e an b e e e e e abbe e e e e anbeeeeeennneeas 20
2.5.1 IMAGEY e 20
2.5.2 KYMOROM ... .ottt e e e e nneeeeeas 21
2.5.3 Data ProCESSING «.coiuvveieieiiieiee ettt 21
2.6 Statistical aNalySiS ..........eviiiiiiiiii s 23
3. RESUILS.....coiiiceirr e s e e e s s e s mnmn s e e e e e e e e s e n s nmnnns 24
3.1.1 Root growth quantification..............ccooiiiii 24
3.2 Effects of obstacles on root growth direction and root growth rate ....................... 27
3.2.1 Responses of root growth direction to mechanical obstacles ...................... 27
3.2.2 Responses of root growth rate to mechanical obstacles.........ccccccccoeeneee 29
3.2.3 Responses of the maximal elemental elongation rate to mechanical
o o] = Lo 1= SRR 30
3.2.4 Responses of the length of growth zone to mechanical obstacles .............. 32
3.3 Methodological challenges ..........coouiiiiiiiiii e 34
4. [ 1Y o1 U =] Lo 37



4.1 In-vivo quantification of root growth in hydroponics using time-lapse imaging and

11T 1 = 1o R 37
4.2 Impact of local mechanical stress on root growth direction..............ccccccooiiennis 38
4.3 Impact of local mechanical stress on root growth rate .............cccccooiiiiiis 39
4.4  Drivers of growth rate ... 40
5. Conclusion and OULIOOK...........cccccmmiiiiriiiccr e e 42
LR =T = T 43
Popular SCIENCEe SUMMANY .......cccoeiiiiiiiniiriierr s s s samne s 49
Acknowledgements..........ccoiiiceiiiinniii i —————— 51

APPENAIX T oot 52



List of tables

Table 1: Effect of treatment, time and their interaction on the difference in curvature of
the growth zone [-] for the primary root (PR) and the seminal roots (SR) (Eq.1,
T4, oottt ettt ettt et b e e teera e b teett e st e b e re et e beeteere e s e eteereensenns 27

Table 2: Effect of treatment, time and their interaction on the absolute (Abs) and
relative(Rel) root growth rate for the primary roots (PR) and the seminal roots
(SR) (EQ.1, 154). ettt ettt 30

Table 3 Effect of treatment, time and their interaction on the absolute (Abs) and relative
(Rel) maximal elemental elongation rate for the primary roots (PR) and seminal
100tS (SR) (EQ.1, 154). ittt 31

Table 4: Effect of treatment, time and their interaction on the absolute (Abs) and relative
(Rel) root growth rate [-] for the primary roots (PR) and the seminal roots (SR)
(EQe1, 54 ettt ettt ene 33

Table S 1: Runs which were taken into the analysis and their tresholds chosen manually

1N KYMOTOM. 1eiiiiiiiiiiieiiecece ettt ebe b esbeesbeeseesneens 52
Table S 2: Germination time, transplanting time and the primary root length of the chosen
TUIIS. toutteuttenteenteenteenteentee bt e bt e b ee s bt e st e e bt e bt e bt e bt enb e e bt e bt e bt e bee bt enbeenbeenbeenbeenbeebeen 53
Table S 3: Images of the different runs, which were analyzed in KymoRod. ................... 54
Table S 4 Settings for the automated image analysis in Kymorod............cccccvevvervennrenen. 55



List of figures

Figure 1: Schematic illustration of the root apical meristem, zone of cell division and zone of

elongation in the growth zone by Robert Bear and David Rintoul, Rice University

Figure 2: Experimental set up with the growth container containing the nutrient solution (A)
and the plasticcontainer containing the pumps, which pumped the solution over the

tubes into the growth container and brought oxygen into the system (B)............ 16

Figure 3: Plate with stacks of rubber band to guide the root growth (A) and the seminal
vertical, seminal horizontal and primary horizontal obstacle (from left to right) in

form of microslides with pasted sand (B)............coooiiiiiiiiiiiiiii 17

Figure 4: Schematic scheme of the control treatment (A), the primary horizontal treatment

(B), the seminal horizontal treatment (C) and the seminal vertical treatment

D)...... 18
Figure 5: Pre-germination of 10 seeds on filter paper............cccoviimiiiiniiiniiinn 19
Figure 6: Plastic box with Hoagland solution to pre-germinate 10 seeds......................... 19

Figure 7: Time-lapse imaging system with a Canon EOS 750D (A) and an image taken by the
imaging system under the infra-red lights (B)............c..c.cooii i, 20

Figure 8: Pictures of a primary root of 2h before reaching the obstacle, after processing in

Imagel, after skeletonization, after contouring, after displacement (from left to

Figure 9: Illustration of the determination of the elemental elongation rate, the growth rate

and the growth Zone....... ..o 22

Figure 10: Typical example of the temporal development of the curvature in the root growth
zone captured by the time-lapse imaging system, and illustrated by R. Bending to a
shallow growth results in a negative curvature, bending to a steeper growth results

1IN POSItIVE CUIVATUIE VALUES. ..e\v ettt ettt 24

Figure 11: Typical example of the temporal development of the growth rate [mm h™'] captured

by the time-lapse imaging system, and illustrated by R..................... 25

Figure 12: Typical example of the temporal development of the elemental elongation rate [h']

captured by the time-lapse imaging system, and illustrated by R..................... 25



Figure 13:

Figure 14:

Figure 15:

Figure 16:

Figure 17:

Figure 18:

Figure 19:

Figure 20:

Figure 21:

Typical example of the temporal development of the length of the growth zone

[mm] captured by the time-lapse imaging system, and illustrated by R............. 26

Difference in curvature [-] for control, primary horizontal (PH), seminal vertical
(SV) and seminal horizontal (SH) treatment on the primary (A) and seminal roots
(B) during the 4 hours after reaching the obstacle. Different letters denote
significant differences within one time-point using least significant difference test
AP = 0.05 (N7 e 28

Absolute values (A and B) and relative values (C and D) of the growth rate [mm h
1 for control, primary horizontal (PH), seminal vertical (SV) and seminal
horizontal (SH) treatment on the primary (A and C) and seminal roots (B and D)
two hours before and four hours after reaching the obstacle. Different letters denote
significant differences within one time-point using least significant difference test
AP = 0.05 (N7 e 29

Absolute values (A and B) and relative values (C and D) of the maximal elemental
elongation rate [h™'] for control, primary horizontal (PH), seminal vertical (SV) and
seminal horizontal (SH) treatment on the primary (A and C) and seminal roots (B
and D) two hours before and four hours after reaching the obstacle. Different
letters denote significant differences within one time-point using least significant
difference test at p=10.05 (N=4)....cceiniiniii e 31

Absolute (A and B) and relative (C and D) length of the growth zone for control,
primary horizontal (PH), seminal vertical (SV) and seminal horizontal (SH)
treatment on the primary (A and C) and seminal roots (B and D) during the 4 hours
after reaching the obstacle. Different letters denote significant differences within

one time-point using least significant difference test at p = 0.05

(D54 e 32
Left seminal root and primary root of Run 10 (A) and primary root of Run 12 (B)
growing out of the picture 4h after reaching the obstacle............................ 34

Limited root growth of the left seminal root of Run 23 (A) and the right seminal
100t OF RUN 37(B). . et 34

Challenges occurring during the image analysis: Part of the root grew in the
shadow of the channel (A), the clue of the channels is visible in the images (B),
noises (air bubbles, water bubbles) occur close to the root (C), primary root grows
into adark hole (D). ..oiiiii i e 35

Distorted contour of a root surrounded by air or water bubbles extracted by
KYMOROM. . ...ttt 36



Abbreviations

Abs
EERmax

LSD
PIV
PH

Rel
SH

SV
xEER

Absolute values

Maximal elemental elongation rate, proxy for cell
elongation

Least significant difference test

Particle Image Velocimetry

Treatment, where the primary root was restricted
horizontally

Relative values

Treatment, where the seminal root was restricted
horizontally

Treatment, where the seminal root was restricted vertically
Position along the central axis of the root at which the
maximum EER occurs



Introduction

1.1 Why root growth is important and where it occurs

Roots play an important role for the plant growth and productivity (Ristova &
Busch 2014). By anchoring the plant in the soil and taking up water and nutrients,
they provide the plant with important resources. Thereby it is not only of
importance, that nutrients are available, but it must also be ensured, that roots reach
the nutrient pools in the soil. Hence, the value of the nutrients depends on their
accessibility by the roots (Bray, 1954).

To access the nutrients, an unrestricted optimal distribution of the root system is
needed. How roots spread in the soil is influenced by different stimuli, which is
called tropism. (Bizet et al. 2016). Thereby gravitropism, hydrotropism,
thermotropism and thigmotropism are the most extensively studied (Muthert et al.
2020), and describe the growth within the gravitational field (Chen et al. 1999),
towards available water resources, in response to temperature (Muthert et al. 2020)
and in response to touch signals (Monshausen & Gilroy 2009), respectively.

To reach these different resources, roots build up their tissue symmetrically
around the longitudinal axis. Root growth takes place in the root apex, which is
determined by the two processes: cell production and cell elongation (Youssef et
al. 2018). Thereby, cells are produced in the root apical meristem, which lies behind
the root cap (Jiang & Feldman 2005). In the cell division zone, they then divide to
build up a sufficient pool of cells, which are then pushed basipetally into the
elongation zone, where they stop dividing but start to elongate (Petricka et al. 2012;
Bizet et al. 2015) (Fig. 1). The transition zone represents the border between the
elongation zone and the root apical meristem, where cell division and cell
elongation occur (Petricka et al. 2012; Bizet et al. 2015).

The driving force of the cell elongation is the turgor pressure, which is generated
by water influx into the cells and leads to the growth pressure (Jin et al. 2013).
Youssef et al. (2018) found that the main driver of growth rate is the cell production
rate. On the other hand, in short-term growth adjustments, the growth rate was
integral to the root cell elongation rate (Youssef et al. 2018).
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Figure 1: Schematic illustration of the root apical meristem, zone of cell division and zone of
elongation in the growth zone by Robert Bear and David Rintoul, Rice University.

1.2 Roots grow in heterogenous soils

As most plants are anchored in the ground, root growth mainly takes place in soils
(Voroney 2007). Therefore, roots and their growth behaviour are affected by the
surrounding soil conditions. A good soil structure with a pronounced existing pore
systems stimulates the root growth (Wang et al. 2020).

However, the growth behaviour of the root can also be affected negatively by
the soil conditions (Barley 1970; Bengough et al. 2006; Rillig & Mummey 2006;
Correa et al. 2019). Dry soil can increase the penetration resistance (He et al. 2017),
while stones, large soil particles, dense aggregates and compacted soil represent
physical obstacles for the roots (Bizet et al. 2016). To avoid hard soils, roots exploit
parts with less resistance (Bizet et al. 2016; Wang et al. 2020). If the obstacle cannot
be penetrated by the root, the root first starts to decrease its elemental elongation
rate and growth zone and starts to change its growing direction by bending away to
find another path (Jin et al. 2013; Bizet et al. 2016). The maximal bending of the
root thereby takes place at the end of the growth zone (Bizet et al. 2016).
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The occurrence of these unfavorable growing conditions is a result of complex
processes that shape the soil structure. Different bedrocks and climate conditions
thereby represent the initial conditions for different amounts of rock fragments
(Sauer & Logsdon 2002), different wet-dry cycles (Jabro et al. 2014; He et al. 2017;
Koebernick et al. 2017) and different soil management systems (Wang et al. 2020).
Those processes and conditions in turn influences the porosity of the soil, which is
important for the water storage capacity and infiltration rate (Lipiec et al. 2000),
hence the soil strength and penetration resistance (Martino & Shaykewich 1994).

These different conditions and processes lead to a spatial soil heterogeneity,
which also makes the resource availability and accessibility vary spatially and
temporally (Clark et al. 2003; Hodge et al. 2009). This high spatial and temporal
variability occurs on different scales, including the scale relevant to plant roots
(Hodge et al. 2009). Therefore, it is important to understand the responses of roots
to soil heterogeneities to establish root systems that are best adapted to spatial
variability in soils (Moulia 2013).

1.3 Functions and soil regions of different roots
classes

The root system consists of different types of roots. In monocotyledonous plants,
first two distinct root classes emerge during seed germination from the embryo
(Yamauchi et al. 1996), the primary root and a pair of seminal roots (Nakamoto &
Oyanagi 1994; Pflugfelder et al. 2021). This embryonic root system is crucial for
the establishment of the plant (Yamauchi et al. 1996). The different root classes
grow in different directions and take over different functions. Thereby, the primary
root grows steep to penetrate deep soil strata fast in order to reach deep water pools
and anchor the plant (Dardanelli et al. 2004; Bellini et al. 2014). In contrast, the
seminal roots grow shallow (Nakamoto & Oyanagi 1994) to build a network in the
topsoil in order to acquire immobile resources such as phosphorus, potassium and
ammonium (Yamauchi et al. 1996; Lynch 2013).

As described before, the soil shows heterogeneities even on a plant root scale
(Hodge et al. 2009). Therefore, it is possible that the different roots of a root system
hit on different local conditions in the soil. However, as the cells of the different
roots are connected by their cell walls, they can send hormonal signals over multiple
cells (Robinson et al. 2013). They therefore react and are dependent on the soil
conditions of the other roots in the root system (Crossett et al. 1975).

By down-regulating growth under sub-optimal conditions and promoting growth
under favourable conditions (Wightman et al. 1980), plants thereby invest in parts,
where the gains for the plants are more likely to equalize the investment (Maina et
al. 2002). In a root system, where the different roots are competing for nutrients and
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assimilates from the endosperm and other parts of the plant, unfavourable
conditions of one root might stimulate the growth of another competing root, which
might lead to a change in root morphology and growth direction (Crossett et al.
1975; Nakamoto & Oyanagi 1994).

This could be shown in studies on nutrients, where on split-nutrient rhizoslides,
roots decreased their growth when their neighbouring roots were exposed to
nitrogen pools to promote the growth under the more favourable conditions (in
t’Zandt et al. 2015). In experiments on wheat, it could also be observed how a
change in growth direction and root diameter occurs to compensate for the loss of
other roots (Nakamoto & Oyanagi 1994). Here, an excision of the primary root, led
to a steeper growth of the seminal root, while no change occurred for the primary
when the seminal root was excised (Nakamoto & Oyanagi 1994). As the
distribution among the different types of roots is limited by vascular connection
(Bengough et al. 2006; Melnyk 2017) only nearby pairs were influenced.

1.4 Challenges in root research and potential of
image-assisted growth quantification

As described in the previous chapter, root responses to different soil conditions are
of great interest for science. Especially the underlying processes on a tissue level
might give important insights on how roots react to their surrounding conditions.
Hence, there is need for more visualized data of the root system (Koevoets et al.
2016) and for more quantitative mechanical data from cell flows and tissues
(Forterre 2013).

However, doing research on roots faces challenges (Ingram & Leers 2001). As
their natural habitat is soil, which is opaque, the observation of roots in situ and
their responses to soil heterogeneities remains difficult. By excavating the root to
investigate it quantitatively, the risk of damaging the root increases significantly
and root biomass can get lost. Moreover, a direct effect of changing conditions
cannot be measured in real-time as the removal of the root causes a delay for the
observation (Waisel et al. 2002).

To overcome the challenges of root research, hydroponics represents a well-
controlled system, where no root manipulation is needed and therefore no damage
of the root occurs (Bizet et al. 2015; Nguyen et al. 2016). It has already widely been
used in scientific research to investigate nutrient requirement and toxicity to plant
roots (Kopittke et al. 2010; Conn et al. 2013). Looking at the response to a specific
condition of several roots at the same time, it offers a controlled environment with
real-time results (Nguyen et al. 2016). In combination with near infra-red imaging
systems, which can capture temporal variations of in-vivo measurements (Bizet et
al. 2016), this can be used to investigate root growth. To elucidate its underlying
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processes, kinematics offers a good method (Moulia 2013). Kinematics has already
widely been used in investigating the influence of environmental factors on growth
patterns of plant roots (Sharp et al. 1988; Yamaguchi et al. 2010) and to investigate
the underlying processes of root growth (Beemster & Baskin 1998). In earlier times,
this was applied on roots by growing them on a medium plate and observing them
under a microscope. A camera then took series of overlapping images (Beemster &
Baskin 1998).

Nowadays, the Particle Image Velocimetry (PIV) technique allows to measure a
velocity field for a sequence of images and a quantitative identification of spatial-
temporal structures (Py et al. 2005). Thereby, particles of moving tissues get
illuminated and captured with a camera. The individual particles in the images are
then segmented (Adrian & Westerweel 2011) and divided into sub windows. By
using a cross-correlation function, the displacement of the different particles
between the images, hence the movement of the tissue particles, can be determined
(Bastien et al. 2016). Knowing the time between the different images, the velocity
can be calculated (Py et al. 2005). PIV has for instance been applied to do kinematic
analysis of root growth (Bizet et al. 2015) and to study cell division and root
elongation rate of Populus (Youssef et al. 2018). Therefore, this method provides
insights in complex organ movements (Bastien et al. 2016).

1.5 Aim of the study

As elaborated before, research has widely been studied how roots react on different
soil conditions (Clark et al. 2003; Jin et al. 2013; Bizet et al. 2016). Moreover, in
previous studies, it could be shown that roots also react on the root growth
conditions of other roots in their root systems (Nakamoto & Oyanagi 1994; in
t’Zandt et al. 2015). Nevertheless, it remains unclear to what extend the restriction
of one root influences the growth of the other roots.

Hence, the aim of this study is to contribute to existing research by understanding
how roots adjust their growth behavior, such as their growth rate and direction in
response to a growth restriction due to local mechanical stress in the root system.
Thereby following research questions were invesitgated:

1. How does root growth direction of an unimpeded root react if another root
is impeded?

2. How does root growth rate of an unimpeded root react if another root is
impeded?

3. What drives root growth rate in such a situation? Cell elongation rate or
length of the growth zone?)

14



In order to answer the research questions, in-vivo time-lapse imaging was carried
out to seeds of wheat (Triticum aestivum L.). Pre-germinated seeds were grown in
a nutrient solution. Obstacles of different orientations for different roots simulated
mechanical stress in form of microscope slides pasted with sand. For a high-
resolution root growth quantification, a time-lapse imaging system was developed
to quantify root growth. The image processing program Imagel and the Matlab
application KymoRod (Bastien et al. 2016) allowed the quantification of the
underlying root growth processes.

15



2. Materials and Methods

2.1 Experimental set-up

During the experiment, wheat seeds were grown in a customized growth container
with a volume of 3.5 1 containing a half-strength Hoagland nutrient solution (Sigma
Aldrich Solutions, Merck KGaA, Darmstadt, Germany).

Consisting of 15 mm thick Plexiglass, the growth container enabled a good
observation of the root growth. The dimensions of the glass container were 40 x 15
x 5 cm. A metal frame constructed by metal bars stabilized the growth container
(Fig 2A).

Figure 2: Experimental set up with the growth container containing the nutrient solution (A) and
the plasticcontainer containing the pumps, which pumped the solution over the tubes into the growth
container and brought oxygen into the system (B).

The growth container was filled with a nutrient solution of pH 5.8. Therefore,
100 mL of 0.25 M NaOH were prepared to adjust the pH of the final solution. To
prepare the final solution the Hoagland's No. 2 Basal Salt Mixture was diluted in a
fume hood to reach a 50 % Hoagland solution. Each weak, 10 1 nutrient solution
were used. It was filled in a 15 1 tank. To avoid hypoxia, the nutrient solution was

16



aerated with three pumps (JBL PROSILENT al00, JBL GmbH & Co. KG,
Germany). The aerated final solution was pumped to the growth system by an
aquarium pump (NEWA Jet 400 — 600, Newa Tecno Industria SRL., Italy) and was
returned through an outlet, so that a circulation between the tank and the growth
system was ensured (Fig. 2B). The nutrient solution in the tank and the growth
system was exchanged once a week.

2.2 Treatments

The growth system consisted of two Plexiglas sheets, which were held together by
four screws. To ensure a good growth for the visualization, one of the Plexiglasses
was glued with small pieces of black tape guiding the channels for the different
roots (Fig. 3A).

The seed was placed with tweezers into these channels and covered with a filter
paper. After screwing the plexiglasses together, the growth system was placed into
the nutrient solution in the growth container, where it was hold on top by extended
screws. To ensure that the seed was wetted over the whole experimental period, the
filter paper in the growth system had to be in contact with the nutrient solution.

To investigate the impact of localized mechanical stress on the root growth, the root
was restricted in its growth by obstacles of different orientations and positions,
which are illustrated in figure 4. The obstacles were represented by a microscope
slide pasted with sand (4.5 x 1.5 cm), which was fixed on a plastic holder (Fig. 3B).

Figure 3: Plate with stacks of rubber band to guide the root growth (A) and the seminal vertical,
seminal horizontal and primary horizontal obstacle (from left to right) in form of microslides with
pasted sand (B).
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In one treatment the primary root was hindered by a horizontal obstacle (PH) (Fig.
4B). The other two treatments were applied to the seminal roots. Here, one obstacle
(SH) hindered the seminal root horizontally (SH) (Fig. 4C), while the vertical
obstacle restricted the seminal root in their lateral root growth (SV) (Fig. 4D). All
the treatments were compared to a control group (Fig. 4A), where no obstacle was
used. Each treatment was replicated 4 times. The growth system and the obstacles
were hooked into the set-up and fixed with a metal clamp.

Figure 4: Schematic scheme of the control treatment (A), the primary horizontal treatment (B), the
seminal horizontal treatment (C) and the seminal vertical treatment (D).
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2.3 Plant material & growth conditions

For the experiment, spring wheat (7riticum aestivum L.) seeds of the variety
“Happy” were used. To ensure that the seeds grow as equally as possible, seeds of
similar weight were selected beforehand. Using an analytical balance (Mettler
Toledo, Switzerland), seeds of an average weight of 40 mg with a range of +/- 10
% were chosen for the experiment.

10 seeds were pre-germinated between filter paper (Fig. 5) in a large tray (30 x
15 x 10 cm) filled with the 50 % nutrient solution (Fig. 6). The germination time
amounted to 56 — 63 hours and seedlings with similar root length were selected for
the experiment (Tab. S2). During this time the box with the filter paper was covered
with aluminium foil. The temperature in the climate-controlled growth chamber
was constantly 20 °C. After the germination time one seed of a primary root length
of 1.9 to 2.8 cm were chosen for the experiment.

Figure 5: Pre-germination of 10 seeds on Figure 6: Plastic box with Hoagland
filter paper. solution to pre-germinate 10 seeds.

2.4 Time-lapse imaging

The growth container was fixed in a metal frame constructed by aluminium bars in
a temperature regulated room. A time-lapse imaging system was installed 6 cm in
front of the experimental set-up. The time-lapse imaging took place in darkness. To
visualize the roots, but not influence the root growth, roots were illuminated by 10
infrared lights with a wavelength of 830 nm (Vishay, Malvern, USA) (Fig. 7). The
infrared filter of a Canon EOS 750D (Canon, Tokyo, Japan) camera was removed.
Having a 24.2 megapixels resolution, the pixel edge length amounted to 8.8 um. To
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obtain optimal image quality, the settings of the camera consisted of an exposure
time of 1/20 seconds, aperture value of £/9.0 and ISO of 100.

The roots grew in the system for 24 hours and the camera took pictures every 2
minutes. The pictures were saved as JPG.

1

Figure 7: Time-lapse imaging system with a Canon EOS 750D (A) and an image taken by the
imaging system under the infra-red lights (B).

2.5 Imaging processing
2.5.1 ImageJ

Images from a time span of 2 hours before and 4 hours after the root reached the
obstacle were chosen for the analysis. For the control treatment an average of the
images, which represented the mentioned time span of analysis, was calculated.
This ensured that pictures of all treatments represented 6 hours around the reach of
the obstacle (Tab. S3). The software ImageJ (ImagelJ, National Institutes of Health,
Bethesda, USA) was used to pre-process the images for further analysis. As each
root was analysed separately, the single roots were isolated in ImageJ so that image
series of every individual root originated. Moreover, noises (water bubbles, air
bubbles or clue of the rubber band stacks) in the images were cut out with the
software. To isolate each root, a macro, which automates a series of Imagel
commands, was recorded (ImageJ 2022). The last image of one time-lapse series
served to mark the to-analysing roots by using the polygon selection function.
ImagelJ was then able to recognize the size markers and their x- and y- coordinates
in the images and therefore copied the marked root to a new image, which was
saved as a .TIFF file. Using the batch processing function enabled the application
of the macro commands to the whole image series.
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2.5.2 KymoRod

The Matlab (The MathWorks Inc., Natick, Massachusetts, USA) application
KymoRod v0.11.0 (Bastien et al. 2016) was used to calculate elongation and
curvature profiles. The software first imported the pre-processed image stack of the
time of 2 hours before and 4 hours after reaching the obstacle (Fig. 8A and 8B). For
every image series, segmentation thresholds were set manually (Tab. S1) (Fig. 8C).
A skeleton of the contour was computed automatically (Fig. 8D) by using the
Voronoi diagram of the contour (Clément et al. 2012). The midline of the contour
was recognized and extracted as the longest branch within the skeleton. Along this
midline, the curvilinear abscissa got calculated. Using a Rod-PIV approach (Bastien
et al. 2016), also enabled the calculation of the elongation rate along the midline
(Fig. 8E). In the Rod-PIV approach, the sub-windows are located on the midline of
the organ. The moving sub-windows are then correlated to the sub-windows of the
previous image, which was taken at an earlier time to calculate the velocity (Bastien
et al. 2016). A complete overview of the settings used for image analysis in
KymoRod is provided in appendix (Tab. S4).

Figure 8: Pictures of a primary root of 2h before reaching the obstacle (A), after uploading in
ImageJ (B), after contouring the skeleton (C), after extracting the midline of the skeleton (D), after
displacement (E).

2.5.3 Data processing

R version 4.1.0 extracted growth rate, growth zone, curvature, elemental elongation
rate and elongation zone profiles from the KymoRod files using the packages
“R.matlab” (Bengtsson, 2018) and “RColorBrewer” (Neuwirth, 2014). The root
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growth rate, the elemental elongation rate and the length of the growth zone were
all calculated based on the velocity profile along the midline of the skeleton. The
plateau of the velocity profile, respectively the maximum velocity represents the
growth rate [mm h'']. The derivate of the velocity profile corresponds to the
elemental elongation rate [h'!] (Fig 9). The point, where the maximum elemental
elongation rate is reached is used to describe the cell elongation rate. Thereby,
xEERmax describes the position, along the central axis of the root at which the
maximum elemental elongation rate occurs. The end of the growth zone was
defined as the zone between the root tip and the point, where the elemental
elongation rate decreased below 2 %, accordingly, the point, where the maximal
velocity is reached (Fig 9).

Velocity [nm h™']
00 02 04 06 0.8

Distance [mm)]

02 03 04

0.1

Elemental elongation rate [h '1]

-0.1

Distance [mm]

Figure 9: Illustration of the determination of the elemental elongation rate, the growth rate and the
growth zone.
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The curvature was calculated from the curvature profile from KymoRod as the
average curvature in the growth zone. Negative values thereby indicate a shallow,
plagiotropic growth, while positive values represent a steep, gravitropic growth. To
account for the different initial root directions of the right and left seminal root, the
curvature values of the right seminal roots were multiplied with -1. Raw data was
filtered by using an upper filter of 4 * the average of the xEERmax and a lower
filter limit of %4 * average of the xEERmax. Moreover, a second filter sorted out all
values of the growth rate, which were lower than 0 mm h-! and higher than 3 mm h-
!, Only runs with an error rate below 10% were taken into the statistic (Tab. S1).

2.6 Statistical analysis

Statistical analysis was carried out in R version 4.1.0 (R Core Team 2020). For this,
hourly mean values calculated by R were used for all the parameters.

For treatments, in which the growth rate was calculated for both seminal roots
(control and primary horizontally), a mean value of the right and left root was taken.
All values were represented in absolute values. For the growth rate, the elemental
elongation rate and the length of the growth zone, relative values were additionally
calculated, which represent the ratio of the value after the reach of the obstacle to
the average of the values before the reach of the obstacle. For the curvature, the
differences between the values after the reach of the obstacle and the average of the
values before the reach of the obstacle were calculated.

As repeated measurements were done, a linear mixed effective model was used to
evaluate the effect of local soil mechanical stress and time on the root growth rate.

Using the package “nlme” for the model (Pinheiro et al. 2017), the following
model was separately applied to the primary root and the seminal root in order to
evaluate the effects of treatment, time, and their interaction on the different roots:

where Y denotes the root growth rates of the i treatment (i = obstacle, primary root
horizontal, seminal root horizontal, seminal root vertical, control), and the j®
sample (j=1, 2, 3, ..., 16). The effects of the treatment (a), the time (), and their
interaction (af}) were set as fixed effects. The sample effect (y) was set as a random
effect to account for repeated measurements. The residual error is described by r.
An analysis of co-variance was used to test the significance of the fixed effects. A
least significant difference (LSD) test compared the means of the different
treatments within the same hours before and after reaching the obstacle using the
‘agricolae’ package (de Mendiburu, 2017).
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3. Results

3.1.1 Root growth quantification

Based on the graphs produced by R Studio, the root curvature and growth rate could
be illustrated. Figure 10 shows how the orientation of the root was recognised by
the software and displayed as the curvature in growth zone in a graph. If the root
changed its direction to a shallower root growth, the curvature showed negative
values. If it bent to a rather steep growth, the curvature reached positive values.

Curvature [-]
-0.04 -0.02 0.02 0.04
! I

-0.06

Figure 10: Typical example of the temporal development of the curvature in the root growth zone
captured by the time-lapse imaging system, and illustrated by R. Bending to a shallow growth,
results in a negative curvature, bending to a steeper growth results in positive curvature values.

A comparison between the change in the growth rate of the root captured by the
time-lapse imaging system and the growth rate illustration in the graph produced
with R, can be seen in figure 11. The rather low root growth rate during the time
before reaching the obstacle (minute -100 to -50) describes the only slightly visible
change in length of the root between the first two pictures. On the other hand, the
higher growth rate during the last 50 minutes can be observed in the difference
between the last two pictures.
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Figure 11: Typical example of the temporal development of the growth rate [mm h'] captured by
the time-lapse imaging system, and illustrated by R.

Similar to the growth rate, the elemental elongation rate (Fig 12.) could be
displayed in a graph by R. When the cell elongation was low (minute -50 to -25),
this was represented by a low maximal elemental elongation rate in the graph.

In contrast, the root elongated faster during the last 25 minutes. This faster
elongation is also shown by higher values of the maximal elemental elongation rate
in the graph (Fig. 12).
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Figure 12: Typical example of the temporal development of the elemental elongation rate [h']
captured by the time-lapse imaging system, and illustrated by R.
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Figure 13 shows the growth length captured by the time-lapse imaging system
and the graph illustrated by R. Two hours before the obstacle was reached, the root
showed a low growth zone length of 4 to 4.5 mm. Until the end of the analysis, the
length of the growth zone increased up to around 6 mm, which was then also
represented by a longer length of growth zone in the graph (Fig. 13).
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Figure 13: Typical example of the temporal development of the length of the growth zone [mm]
captured by the time-lapse imaging system, and illustrated by R.
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3.2 Effects of obstacles on root growth direction and
root growth rate

3.2.1 Responses of root growth direction to mechanical
obstacles

For the curvature, values of differences were calculated which represented the
difference in curvature in the growth zone between the values after reaching the
obstacle and the average of the curvature values during the time before reaching the
obstacle.

Table 1: Effect of treatment, time and their interaction on the difference in curvature of the growth
zone [-] for the primary root (PR) and the seminal roots (SR) (Eq.1, n=4).

PR SR
Effects p value p value
Treatment 0.741 0.693
Time [min] 0.696 0.402
Treatment:time 0.53 0.22

For the primary roots, no treatment changed its growth direction after the
obstacle was applied (Fig. 14A). The primary roots whose second seminal roots
were impeded (SH and SV), slightly grew shallower over the whole time of
analysis, but differences only amounted from 0.048 to — 0.017. Roots which were
not exposed to obstacles, changed from a shallower to a steeper and back to a
shallower growth direction (Fig. 14A). However, neither the linear mixed model,
nor the post-hoc analysis showed a significant effect of the treatments (Tab. 1).

In contrast to the primary roots, the growth direction of the seminal roots
changed in response to the obstacle. While during the first hour of analysis, no
change could be observed, the growth direction started to differ significantly
between the treatments during the second hour (Fig. 14B). While the control did
not change its growth direction, the seminal roots, whose neighbouring roots got
impeded vertically (SV), changed to a steeper growth. In contrast, both other
treatments (PH and SH) showed a shallower growth than during the time when no
stress was applied. This started to equal out during the third hour after the reach of
the obstacle. Nevertheless, the seminal vertical treatment (SV) still showed a
steeper growth direction than the other treatments.
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Figure 14:Difference in curvature [-] for control, primary horizontal (PH), seminal vertical (SV)
and seminal horizontal (SH) treatment on the primary (4) and seminal roots (B) during the 4 hours
after reaching the obstacle. Different letters denote significant differences within one time-point
using least significant difference test at p = 0.05 (n=4).
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3.2.2 Responses of root growth rate to mechanical obstacles

The absolute values only showed a significant effect in time for both root classes
(Tab. 2). However, the absolute values of the different treatments varied already
significantly in their growth rate before the obstacle was reached, especially for the
seminal roots (Fig 15B). Therefore, relative values, which represented the values
after reaching the obstacle in relation to the average of the ones before reaching the
obstacle, were calculated. Relative values made the comparison between the
treatments more reasonable (Fig. 15 C and D).
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Figure 15: Absolute values (A and B) and relative values (C and D) of the growth rate [mm h™] for
control, primary horizontal (PH), seminal vertical (SV) and seminal horizontal (SH) treatment on
the primary (4 and C) and seminal roots (B and D) two hours before and four hours after reaching
the obstacle. Different letters denote significant differences within one time-point using least
significant difference test at p = 0.05 (n=4).

Looking at the relative values, a significant difference could only be seen in time
for both the primary and the seminal root (Tab. 2).
For the primary roots, the treatments had no significant effect over the whole time
of analysis (Fig. 15C). Despite this, different trends of the different treatments could
be observed. Roots which were not impeded increased their relative growth rate by
27 % during the 4 h of analysis. In contrast, the primary roots whose seminal roots
were impeded (SV and SH) did not increase their growth rate in response to the
obstacle so that they showed a 15 % to 23 % lower relative growth rate than the
control at the end of the analysis (Fig. 15C).
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Table 2: Effect of treatment, time and their interaction on the absolute (Abs) and relative (Rel) root
growth rate for the primary roots (PR) and the seminal roots (SR) (Eq.1, n=4).

PR SR
Effects Abs Rel Abs Rel
Treatment 0.51 0.232 0.094 0.151
Time-min 0.044 0.028 <0.001 0.001
Treatment:time 0.197 0.487 0.252 0.122

The seminal roots showed no reaction to the obstacle during the first hour (Fig.
15D). During the second hour, the roots which grew under optimal conditions and
the ones whose second seminal root were impeded horizontally (SH) increased their
relative growth rates, while the other treatments (PH and SV) did not response to
the obstacle with an increase in growth rate. Thereby, the seminal horizontal (SH)
treatment showed with 1.439 a 17% higher relative growth rate than the control
treatment. During the last two hours of analysis, this difference slightly equaled out,
so that no significant difference between the treatments could be observed during
the last hour. However, the seminal roots of the seminal vertical (SV) treatment still
showed an 12% to 37% higher relative growth rate than the other treatments (Fig.
15D).

3.2.3 Responses of the maximal elemental elongation rate to
mechanical obstacles

Only the interaction of treatment and time showed a significant effect on the
absolute values of the maximum elemental elongation rate for the seminal roots (p
= 0.019) (Tab. 3). As already seen for the growth rate, significant effect for the
treatments could already be observed before the stress was applied (Fig. 16B),
which is why relative values were calculated, which made the analysis more
meaningful.

For the relative values, treatment, time and the interaction of treatment and time
did not show a significant effect for both root classes (Tab.3). Nevertheless, trends
could be observed. The primary roots showed no response to the obstacle during
the first hour (Fig. 16C). During the second hour, the primary roots, whose seminal
roots were impeded vertically (SV) started to slightly decrease its relative elemental
elongation rate, while the control treatment increased it. In contrast to the response
of the relative growth rate, also the relative elemental elongation rate of the seminal
horizontal (SH) treatment increased, so that it was 43% higher than the relative
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elemental elongation rate of the seminal vertical (SV) treatment during the third

hour after the reach of the obstacle. During the last hour this difference equalled out
(Fig. 16C).
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Figure 16: Absolute values (A and B) and relative values (C and D) of the maximal elemental
elongation rate [h'] for control, primary horizontal (PH), seminal vertical (SV) and seminal
horizontal (SH) treatment on the primary (A and C) and seminal roots (B and D) two hours before
and four hours after reaching the obstacle. Different letters denote significant differences within
one time-point using least significant difference test at p = 0.05 (n=4).

Table 3 Effect of treatment, time and their interaction on the absolute (Abs) and relative (Rel)
maximal elemental elongation rate for the primary roots (PR) and seminal roots (SR) (Eq.1, n=4).

PR SR
Effects Abs Rel Abs Rel
Treatment 0.458 0.375 0.305 0.218
Time-min 0.492 0.965 0.814 0.133
Treatment:time 0.089 0.104 0.019 0.744

The treatments of the seminal roots showed trends, which were more in line with

the response of the growth rate. During the first hour, no reaction could be observed

(Fig. 16D). As already seen for the relative growth rate, the roots which were not
impeded and the ones whose second seminal roots were impeded horizontally (SH)
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started to increase their relative elemental elongation rate during the second hour.
Thereby, the increase of the SH treatment was 17% higher than the one of the
control treatment. In contrast, the primary horizontal (PH) and seminal vertical
(SV) treatment started to decrease their relative elemental elongation rate over the
whole period of analysis, so that the seminal vertical (SV) treatment showed a 40%
lower relative elemental elongation rate than the seminal horizontal (SH) treatment
(Fig. 16D).

3.2.4 Responses of the length of growth zone to mechanical
obstacles

Looking at the absolute values for the length of the growth zone, one can see, that
the treatments already had a significant impact before the obstacle was reached (Fig.
17 A and B). As already done for the growth rate and the elemental elongation rate,
relative values were therefore calculated in order to compare the treatments.
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Figure 17: Absolute (A and B) and relative (C and D) length of the growth zone for control, primary
horizontal (PH), seminal vertical (SV) and seminal horizontal (SH) treatment on the primary (A and
C) and seminal roots (B and D) during the 4 hours after reaching the obstacle. Different letters
denote significant differences within one time-point using least significant difference test at p = 0.05

(n=4).
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Thereby, the responses differed significantly in time for the primary roots (p =
0.0003) and the seminal roots (p = 0.006) (Tab. 4). However, neither the treatment
nor the interaction of treatment and time showed a significant effect.

Table 4: Effect of treatment, time and their interaction on the absolute (Abs) and relative (Rel) root
growth rate [-] for the primary roots (PR) and the seminal roots (SR) (Eq.1, n=4).

PR SR
Effects Abs Rel Abs Rel
Treatment 0.645 0.339 0.003 0.517
Time-min 0.001 0.0003 <0.001 0.006
Treatment:time 0.048 0.111 0.365 0.367

It could be seen that the relative growth zone length of the primary root followed
the same trend as the relative growth rate of the primary roots. While the relative
length of the growth zone of the control treatment increased over the whole 4 hours
after the obstacle was reached (Fig. 17C), the primary roots, whose seminal roots
were restricted vertically (SV) only showed an increase in growth zone length
during the last two hours after a decrease during the second hour of analysis. The
primary roots of the seminal horizontal (SH) treatment only increased slightly
during the 4 hours of analysis but decreased by up to 4% compared to the time when
no stress was applied (Fig. 17C).

Again here, for the seminal roots a significant effect of time could be observed
(p = 0.006) (Tab. 4). All treatments increased their relative length of growth zone
over the whole time after the obstacle was reached. Thereby, significant differences
between the treatments could also be observed (Fig. 17D). In contrast to the primary
roots, the relative growth zone length of the seminal roots did not show the same
pattern as the relative growth rate. The growth zone length of the roots whose
second seminal roots were restricted horizontally (SH) increased strongly during
the first three hours by 11% so that their growth zone length was significantly
higher than the one of the other treatments (Fig. 17D). In contrast to the relative
growth rate, also the relative length of growth zone of the primary horizontal (PH)
and seminal vertical (SV) treatment increased. Thereby, the primary horizontal
(PH) treatment increased its relative growth zone length only slightly faster than
the control treatment, while the roots of the seminal vertical treatment (SV)
increased it in a way that it was even higher than the one of the seminal horizontal
(SH) treatment at the end of the analysis (Fig. 17D).
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3.3 Methodological challenges

Using a method for the first time brought some challenges which affected the
quality of the results.

First, the analysis of some runs was not possible at all. As some seedlings were big
at the time of transplanting, they grew out of the picture during the 4 hours after the
root reached the obstacle (Fig. 18). The problem occurred mainly for the seminal
horizontal treatment, as here, the size of the obstacle let the test plate appear far left
in the picture. To overcome this challenge, smaller roots were taken, and the rubber

band stacks were adjusted in order to ensure images of the whole root during the 4
hours after reaching the obstacle.

Figure 18: Left seminal root and primary root of Run 10 (A) and primary root of Run 12 (B)
growing out of the picture 4h after reaching the obstacle.

Another challenge was, that the roots did not show a sufficient growth. Either
the left or right seminal root grew too slow so that the obstacle was not reached
during the 24 hours of time-lapse imaging (Fig.19). Therefore, these time-lapse
series were not analyzed at all, or the analysis was not valid as negative growth
rates occurred.

Figure 19: Limited root growth of the left seminal root of Run 23 (A) and the right seminal root
of Run 37(B).
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Further challenges occurred during the analysis of the images. Some roots grew
as close to the rubber band stacks, that the first part of the root disappeared partly
in the shadow of the channels (Fig. 20A). This prevented KymoRod from finding
enough points for the contour of the root. For other treatments the channel posed a
problem in the sense that the clue of the rubber strips became visible on the pictures
through the infrared lights (Fig. 20B). This in contrast led to the fact that these
points were also recognized by KymoRod. In those cases, where the root grew close
to the channels, these points were then merged with the points of the root, so that a
distorted contour of the root got extracted by KymoRod, which influenced the error
rate of the analysis.

The analysis with KymoRod could also be negatively hampered by small
residues on the plate (Fig. 20C) or little air or water bubbles, which occurred close
to the root. Also, for these runs, the unwanted points got recognized by the software
and were included into the root contour (Fig. 21). Here, the settings of the infra-red
lights played a crucial role. If the pictures were too overexposed, more noise was
visible, which distracted the quality of the pictures. Additionally, the light caused
problems for several runs, since the roots grew into a darker spot, where it became
hard to detect the individual particles of the root tissue (Fig. 20D). This mostly
occurred for the primary root, which is why several runs had to be repeated due to
a failed analysis of the primary root.

Figure 20: Challenges occurring during the image analysis: Part of the root grew in the shadow of
the channel (A), the clue of the channels is visible in the images (B), noises (air bubbles, water
bubbles) occur close to the root (C), primary root grows into a dark hole (D).
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Figure 21: Distorted contour of a root surrounded by air or water bubbles extracted by KymoRod.

36



4. Discussion

To investigate the responses of root growth behaviour to local mechanical stress, a
time-lapse imaging system in hydroponics was implemented. By combining this
with kinematic analysis, it could be observed that primary roots did not react to an
impairment of their seminal roots. A horizontal restriction of the primary and
seminal root let the unimpeded roots grow shallower (chapter 3.2.1) and increased
the seminal root growth rate (chapter 3.2.2). In contrast, a vertical restriction of the
seminal root growth led to a change towards a steeper growth direction and a
decrease in growth rate of the unimpeded root.

4.1 In-vivo quantification of root growth in
hydroponics using time-lapse imaging and
kinematics

The method was able to provide information about the complex movement
processes in roots (Bastien et al. 2016). Using a hydroponic system, roots could get
investigated without damaging the roots (Nguyen et al. 2016). The seeds pre-
germinated in the nutrient solution and after transplanting, also grew in the growth
container filled with the nutrient solution. This enabled an in vivo investigation in
real-time (Nguyen et al. 2016). The time-lapse imaging then took pictures for 24
hours, which could be used by KymoRod to create velocity, elongation and
curvature profiles (Bastien et al. 2016). Thereby, the root growth rate, the maximal
elemental elongation rate, the length of the growth zone and the curvature could be
quantified (Bizet et al. 2015). As already done in Youssef et al. 2018, this study
could relate the root growth rate to its driving forces under optimal conditions and
under local mechanical stress. Therefore, time-lapse imaging in hydroponics in
combination with kinematics analysis, can be used to investigate the underlying
processes of root growth.

Nevertheless, using the method for the first time caused challenges. The roots
did not always show optimal growth. As always 10 seeds were pre-geminated at the
same time, competition in space might have been occurred for the developing root
system. This might have impaired or ceased the root growth at the zone of contact
with the neighboring roots, which leads to an either lower performance of the root
system (Brisson & Reynolds 194). Therefore, a reduction in to-germinating seeds
might improve the root conditions. Moreover, sometimes the aeration in the system
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was not ensured since the pumps were not properly inserted into the solution, which
might have led to hypoxic conditions, which in turn might have affected root growth
negatively (Drew 2013; Miro & Ismail 2013). However, root growth is a complex
process (Tanimoto 2005; Su et al. 2017), which underlies natural variability
(Ristova & Busch 2014). Therefore, the high seedling density and the lack of
aeration might have only been one possible explanation for the differences in root
growth behavior.

For the analysis, it is important that the root is in the field of view for at least the
time span of 2 hours before and 4 hours after the reach of the obstacle. Therefore,
an adjustment of the distance between the obstacle and the placement is necessary.
To ensure an accurate analysis of the images, also the quality of the images is
crucial, which in turn depends on the light intensity and the direction of illumination
(Bastien et al. 2016). By illuminating the roots with a low incidence angle, natural
marks on the root surface become visible. To what extend the light gets reflected
might thereby depend on the different plant components such as the cell wall
orientation and the cell density (Bizet et al. 2015). This led to the fact that depending
on the angle the roots were illuminated, parts of the roots showed no illuminated
natural marks, while noises (water bubbles, air bubbles and clue of the rubber band
stacks) in the growth system became visible and therefore were included in the
analysis. Therefore, adjusted light setting in combination with an adjusted obstacle
distances and a more uniform initial root length, would enable a more reasonable
analysis

4.2 Impact of local mechanical stress on root growth
direction

The primary roots showed a generally steep growth, but no significant change in
growth direction in response to the applied stress (Fig. 14A). This is in line with
findings from Nakamoto (1994), where the excision of the first seminal root pair
had no effect on the primary root but on the second pair of seminal roots. In contrast,
the seminal roots responded slightly to the restricted growth rate of their
neighboring roots with a change in growth direction (Fig. 14B). During the first
hour, no bending could be observed, which is in line with Falik et al. (2012), who
also observed a response to stress signals after 1 hour. After this first hour, it could
be seen that the seminal roots whose neighboring roots were blocked horizontally
did not compensate (Crossett et al. 1975; Robinson et al. 2013) with a steeper
growth as it was shown in Nakamoto (1994), but slightly changed to a shallower
root growth (Fig. 14B). However, a change towards a steeper growth can be
observed for the roots, whose neighboring roots got restricted vertically (Fig. 14B).
Hence, they also did not compensate for the restricted shallow growth of their
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neighboring roots, but changed to the same direction, to which the restricted root
had to evade. Therefore, it might be possible, that the roots react to the stress sensed
and communicated by the other root, in the same way as the local mechanical stress
would have occurred on their side.

The mechanism of responding to situations which have not yet occurred is
already known for plants (Karban 2008). Thereby, plants not only react to cues
which indicate future conditions (Karban 2008), but can respond to stress signals
from other organs. In a study on split-root Pisum sativum L. plants, Falik et al
(2012) found out that roots, which were exposed to osmotic stress or drought
communicated their stress conditions to unstressed neighbor plants, which also
reacted with a closure of the stomata even if the stress was not applied to them.

In previous studies, it could be shown, how the reaction to stress situations, which
have not yet appeared, also occurs within the same plant. Leaves reacted to water
stress signals from the roots with a reduced expansion rate, even if the leaves were
kept turgid (Passioura 1988). In my study, it could now be shown, that the
communication of local mechanical stress might also occur from one root to another
within the same root system, which leads to a reaction even if the stress was not
sensed by the root itself. This response of a change in growth direction of the
seminal roots equaled out again during the last hour of analysis (Fig. 14B). This
confirms the findings of Falik et al. (2012), which show that 3 to 24 hours after
reacting to the stress signals, the plants normalize their behavior again as no real
stress is sensed in their environment.

However, as in my experiment the results were not significant and only represent
the growth behavior of 4 replicates, this explanation should be considered with
caution.

4.3 Impact of local mechanical stress on root growth
rate

As already seen for the growth direction, the primary root did not respond with
a change in growth rate to the restricted root growth of their seminal roots. In
contrast, the seminal roots again showed a reaction to the impairment of their
neighboring roots (Fig. 15C and 15D). The contrasting responses of the primary
and seminal roots might be caused by their different functions. which is why they
react differently on different stresses (Morita & Abe 1994). The primary root grows
to deeper layers to anker the plant and access water resources (Dardanelli et al.
2004; Lynch 2013; Bellini et al. 2014). Therefore, they do not compete for nutrients
with the seminal roots. Since most of the nutrient uptake is done by the seminal
roots, they can rather compensate for an impairment of nutrient uptake by the
primary root than the other way around (Kirk 2003).
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Therefore, the root growth rate of the other seminal root decreased compared to
roots that were not exposed to mechanical stress in response to a vertical impedance
of the other seminal root (Fig. 15D). As already discussed for the growth direction,
this shows that the root reacts to the stress, which is applied to their neighboring
root (Passioura 1988; Falik et al. 2012) in the same manner as the impaired root
does, hence by a decrease in their natural growth rate.

Nevertheless, if the seminal root was restricted horizontally, the second seminal
root grew significantly faster and reached even higher relative growth rates than the
roots which grew under optimal conditions (Fig. 15D). The fact, that the roots
reacted differently to a horizontal than to a vertical restriction might be explained
by their natural growth direction. Seminal roots are characterized by a shallow,
plagiotropic growth to spread in the topsoil (Morita & Abe 1994; Nakamoto &
Oyanagi 1994; Lynch 2013). Therefore, the root can react to the applied stress of
the other root with a change towards a more pronounced shallow growth as
discussed in the previous chapter. Having the opportunity to work around the
anticipated stress without a limitation in function, the root then tries to compensate
for the restricted root growth of the other roots (Crossett et al. 1975). Here, the root
which is not restricted might be promoted by getting more growth substances
(Nakamoto & Oyanagi 1994), as plants invest in parts where the returns equalize
the investments (Maina et al. 2002).

Similar to the change in growth direction and the results of Falik et al. (2012),
the increase in growth rate and therefore the response to the local mechanical stress
occurred within a time span of one hour (Fig. 15D). In contrast to the growth
direction, which equaled out after the anticipated stress could not be sensed, the
increase in growth rate of the compensating roots continued. This supports the
results of previous studies investigating compensatory growth, where the
compensatory effect was maintained for the whole growth period (Wightman et al.
1980; Nakamoto & Oyanagi 1994). In further research it would be interesting to
see if a vertical impairment can also lead to a compensatory growth of the other
root after sensing no stress on their side. To answer this question, an analysis of
growth periods longer than 4 hours would be necessary.

4.4 Drivers of growth rate

In this study, all roots of the control treatment increased their growth rate constantly
over the whole period of analysis (Fig. 15), which confirms that roots grow linearly
(Youssef et al. 2018). Looking at the drivers for the growth rate, results were not
entirely consistent with literature. Previous studies show, that the growth zone
length and the cell elongation rate represent the main drivers of growth rate (Baskin
2013). For the primary roots, this study could confirm that the length of the growth
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zone is a good predictor for the growth rate (Baskin 2013). Here, the relative growth
rate followed the same pattern as the relative length of the growth zone (Fig. 15C
and 16C), respectively a general tendency towards a faster growth rate and a longer
growth zone over time. This could not be observed for the seminal roots. Here, the
relative length of the growth zone increased over time, but so did not the relative
growth length (Fig 15D and 17D).

However, in previous studies, it could be shown, that along the growth zone, the

cell elongation rate is the main driver for the growth rate (Silk 1992), which mainly
takes place in the elongation zone of the root apex (Bizet et al. 2015). Therefore,
Youssef et al. (2018) defined the length of the elongation zone as the best proxy for
the growth rate as it summarizes the cell production rate in the root apical meristem
and the cell elongation rate in one parameter.
In this study, this could not be confirmed for the primary roots, as the relative
elemental elongation rate, which served as a proxy for the cell elongation rate,
followed a different pattern than the relative growth rate (Fig. 15C and 16C). In
contrast, it could be seen, that for the seminal roots, the relative elemental
elongation rate and the relative growth rate followed the same trend (Fig. 15D and
16D). An increase of the relative growth rate correlated with an increase of the
relative elemental elongation rate, while it decreased at the same time when also
the relative growth rate decreased. The fact, that the elemental elongation rate was
stronger associated with the growth rate for the seminal roots, which showed a
response to the applied stress, corresponds with the findings of Youssefet al. (2018)
which show that the elemental elongation rate is the main driver for short-term
adjustments. As the differences between the treatments were not significant, more
replicates and adjustments of the method might increase the quality of the results
and therefore also provide better information about the correlation between the
different parameters.
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5. Conclusion and outlook

In this study, the underlying processes of root growth were analysed by doing time-
lapse imaging in a hydroponic system in combination with particle image
velocimetry in KymoRod. The analysis showed that primary roots do not react to a
restriction of their neighbouring roots with a change in growth behaviour. This can
be explained by the fact, that primary roots have different functions and reach out
to different layers than seminal roots.

Against my expectations, the seminal roots did not compensate with a change in
growth direction for the restricted root growth of their neighbouring roots but
changed to the same direction. Therefore, it might be possible, that they anticipate
the same stress in their surroundings. After 3 hours, this response equalled out as
no stress could be recognised. In cases, where the root bent away from its natural
shallow growth direction, also the growth rate decreased. When the neighbouring
root got restricted horizontally, roots intensified its shallow growth direction.
Finding a way to work around the anticipated stress, the roots then started to
compensate for the impeded root by an increased growth rate. The driving forces
of these adjusted growth rates of the seminal roots might be the elemental
elongation rate, while the length of the growth zone might be the driver when roots
do not react to stresses.

Verifying these results by adjusting the method and including more replicates
will provide important information about root responses to local mechanical stress.
In further research, it might be interesting to include a second genotype. Different
genotypes differ in their root alignment according to the soil conditions (McKenzie
et al. 2009) and their behavior in root bending (Qi & Zheng 2013), as well as in
their tolerance to drought and mechanical stress. Therefore, including more
genotypes in the experiment might provide information about if responses to local
mechanical stress differ for different genotypes. This would enable an
establishment of root systems which are best adapted to spatial variability in soils.
Further research could also give more insights into which genes and hormones are
involved in transferring and responding to the applied stress.
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Popular science summary

Roots play an important role for the plant growth and productivity. By taking up
nutrients from the soil, they provide the plant with important resources. Thereby, it
is not only important that different nutrients and water are available, but they also
need to be accessible. To reach the different nutrients and water, an optimal root
growth is needed. As roots grow in soil, roots growth is influenced by their
surrounding soil conditions positively and negatively. While a well-structured soil
stimulates root growth to the different resources, hard and dry soils with large
aggregates or stones increase the penetration resistance and impede the root growth.
Due to different climate and bedrock conditions, different agricultural management
practices and complex soil processes, the soil varies spatially, even on a small scale.
Therefore, the different roots of a single root system can be exposed to different
soil conditions. Since the roots are connected by their cell walls, they can exchange
information and by this, react on the conditions of their neighbouring roots.

In this study, a hydroponic system was used in combination with a time-lapse
imaging system and particle image velocimetry to study the root response of an
unimpeded root to a restricted root growth of another root in the root system. Using
kinematic analysis, the underlying processes of a change in root growth, such as the
growth rate, the elemental elongation rate, the length of the growth zone and the
curvature were investigated in response to an impairment of another root.

To do so, roots were grown for 24 hours in a nutrient solution. Thereby, either
the seminal or the primary root was exposed to a vertical or horizontal obstacle. All
treatments were also compared to roots which were not impeded. Time-lapse
images were taken under infra-red light over the 24 hours, which were then
analysed in the software KymoRod.

It could be shown that primary roots and seminal roots did respond differently
to the applied stress. Primary roots did not react to an impeded root growth of the
seminal roots. This might be due to the fact, that primary roots are responsible for
different functions in the root system and grow into different regions of the soil,
which is why they do not compete with the seminal roots. In contrast, did the
treatments influence the growth direction and the growth rate of the seminal roots.
Seminal roots showed the same change in growth direction as the impeded roots.
They changed to a shallower growth when their neighbouring root was restricted
horizontally, while they grew steeper if the other root was exposed to a vertical
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obstacle. This might be because they anticipate the same growth impairment as the
other root realizes. Three hours after the root reached the obstacle, the change in
growth direction of the other root equalled out, as they might have realized that no
stress occurred in their growth region. In the cases where the seminal root got
restricted vertically, which implicates a restriction in their natural growth direction,
the other seminal root responded with a decreased growth rate. Again here, the
restriction of the other root might be anticipated. However, if the roots were
restricted horizontally the other root might have still anticipated the stress but
worked around it by reinforcing its shallow growth direction. Here, they started to
increase their growth rate to compensate for the restricted seminal root. The driving
forces of the growth rate might be the length of the growth zone, when the roots do
not react to stresses, while the elemental elongation rate might be the driver for
adjustments of the growth rate.

Further investigation with more replicates and an adjustment of light settings,
transplanting position, and growth conditions is needed to confirm the observed
trends and gain information about root responses to local mechanical stress.
Furthermore, the inclusion of a second genotype might provide information on if
the response to local mechanical stress of non-impeded roots is determined
genetically. This would allow the establishment of root systems best adapted to soil
heterogeneities.
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Appendix 1

Table S 1: Runs which were taken into the analysis and their tresholds chosen manually in Kymorod.

Treatment Run Roots Treshold KymoRod
Run 1 Left seminal 52
Right seminal 36
Primary 32
Run 31 Left seminal 28
Right seminal 30
Primary 34
Run 43 Left seminal 36
Right seminal 48
Control Primary 36
Run 46 Left seminal 46
Right seminal 38
Primary 28
Run3 Left seminal 44
Right seminal 46
Run 14 Left seminal 40
Right seminal 42
Primary horizontal Run 21 Left seminal 32
Right seminal 26
Run 48 Left seminal 28
Right seminal 38
Run 11 Left seminal 44
Primary 46
Run 16 Left seminal 52
Primary 24
Run 20 Left seminal 32
Seminal vertical Primary 28
Run 39 Left seminal 52
Primary 42
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Seminal horizontal

Table S 2: Germination time, transplanting time and the primary root length of the chosen runs.

Run 2

Run 15

Run 41

Run 47

Left seminal 42
Primary 30
Left seminal 48
Primary 36
Left seminal 42
Primary 32
Left seminal 42
Primary 48

Run Germination time Transplanting time Primary
length
Run 1 01.02.2022, 17h 04.02.2022, 8h 2.4 cm
Run 2 04.02.2022, 17h 07.02.2022, 8h 24 cm
Run 3 07.02.2022, 17h 10.02.2022, 8h 2.7 cm
Run 11 28.02.2022, 17h 03.03.2022, 8h 24 cm
Run 14 07.03.2022, 8h 09.03.2022, 17h 2.7 cm
Run 15 08.03.2022, 8h 10.03.2022, 17h 2.4 cm
Run 16 09.03.2022, 8h 11.03.2022, 17h 2.1 cm
Run 20 16.03.2022, 8h 18.03.2022, 17h 1.9 cm
Run 21 18.03.2022, 17h 21.03.2022, 8h 2.6 cm
Run 31 04.04.2022, 8h 06.04.2022, 17h 2.8 cm
Run 39 13.04.2022, 8h 15.04.2022, 17h 2.2 cm
Run 41 15.04.2022, 17h 18.04.2022, 8h 2 cm
Run 43 19.04.2022, 8h 21.04.2022, 17h 2.4 cm
Run 46 22.04.2022, 17h 25.04.2022, 8h 2.8 cm
Run 47 25.04.2022, 8h 27.04.2022, 17h 2.2 cm
Run 48 26.04.2022, 8h 28.04.2022, 17h 2.4 cm
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Table S 3: Images of the different runs, which were analyzed in KymoRod.

Run Treatment Images taken into the
analysis
Run 1 Control 228-408
Run 2 Seminal horizontal 140-320
Run3 Primary horizontal 384-564
Run 11 Seminal vertical 454-614
Run 14 Primary horizontal 220-400
Run 15 Seminal horizontal 80-260
Run 16 Seminal vertical 218-398
Run 20 Seminal vertical 1092-1272
Run 21 Primary horizontal 541-721
Run 31 Control 232-412
Run 39 Seminal vertical 830-1070
Run 41 Seminal horizontal 100-280
Run 43 Control 228-408
Run 46 Control 228-408
Run 47 Seminal horizontal 97-274
Run 48 Primary horizontal 190-370
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Table S 4 Settings for the automated image analysis in Kymorod.

Setting Setting
Image file pattern *tif
Color images channel Red
Spatial Resolution 8.8 um
Time interval 2 min

Frame selection

Method

Threshold

Contour Smoothing factor
Curvature smoothing

Number of points for resampling
First point of Skeleton

Channel for displacement

Step between two  measurements
displacement

Size of correlating window
Spatial Smoothing

Value Smoothing

Resampling distance

Size of derivation window

of

Keep all frames
Box Filter
Manual threshold
20

150

500

bottom

Red

2

20
0.4
0.02
0.005
20
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