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I. Introduction

In a climate change and a growing population context, there is a need in
innovation for stabilizing yields with sustainable methods (Hunter et al., 2017;
Wheeler and von Braun, 2013). Drought incidence and severity are expected to
increase in future years, inducing water stress on crops (Lobell and Gourdji, 2012;
Tebaldi and Lobell, 2008). Identifying and adopting drought resistant cultivars
through plant breeding could therefore have a significant impact on global food
security. To find cultivars adapted to water stress conditions, we need to 1) identify
the traits that play a role in the water uptake and drought adaptation, 2) quantify
these traits and study the distribution of the quantifications among genotypes of the
plant of interest, and 3) select the adapted genotype or move to genetic analysis.
While phenotyping and plant breeding excel at the last two points, there is still
research to perform in the first point to fully understand the implication and the
behaviour of traits in plant water dynamics.

As roots plays a key role in plant growth and development since it is the place
of water and nutrients extraction from the soil, root traits based phenotyping
platforms have flourished. Root system architecture is a well-studied domain and is
massively targeted by phenotyping processes (Atkinson et al., 2019; Wasaya et al,,
2018). On the lower scale, anatomy of roots influence nutrient uptake, and
anatomical phenes are attractive targets for the development of efficient and
resilient crops (Lynch et al, 2021, 2014). Understanding the most influent
anatomical traits and their role in water uptake is therefore crucial for introducing
anatomy-based phenotyping, which, coupled with current phenotyping techniques,
might help to find trait combinations that improve water uptake.

Since studying the direct influence of specific traits on water dynamics is
experimentally difficult, computational tools can help simulate the impact of specific
traits at low cost and have a huge potential in identify combinations of traits that
optimize water uptake. Heymans et al. (2021, 2020a, 2020b) have developed a
modeling pipeline that simulates water flow in monocots. They studied the impact
of anatomical traits and investigated combinations of architectural and anatomical
traits that are the most adapted in specific environments.

In this work, I continue and extend the work of Heymans et al. (2021, 2020a,
2020b) by modifying the modeling pipeline to dicotyledons. More specifically, [ used
tomato as a dicotyledon model, and I studied the impact of specific tomato
anatomical traits on water uptake. For that, I developed a methodology to 1)
characterize and quantify wild (Solanum pimpinellifolium) and domestic tomato
(Solanum lycopersicum) root anatomy, 2) adapt a computational tool to generate
corresponding anatomies, and 3) model and compute the water flow through these
anatomies.



II. Context and state of the art

Phenotyping

While genotype refers to the expression of the genetic material of an
individual (or in our case the shared genetic material of a species), phenotype is the
set of observable traits of this individual. Phenotype is thus the result of the
interaction between genotype and environmental factors. To select the best adapted
plant in a set of genotypes to a given situation (in our case water stress resistance),
plant breeders need quantification of the phenotype of these plants.

Phenotyping is defined as a set of methods that aims to quantify specific traits
of plants (Ghanem et al.,, 2015). A plant trait, or phene, refers to a morphological,
physiological or phenological feature. For root architecture, image-based
phenotyping is broadly applied since it is non-destructive (Wasaya et al., 2018). As
roots in soil are tricky to quantify accurately, soil-free methods like hydroponics,
aeroponics, rhyzotrons or pouches has been widely used, and new technologies are
being actively developed (Atkinson et al, 2019). High-throughput phenotyping
platforms have been engineered for roots (Yang et al,, 2020), like RootPhAir (Draye
et al.,, 2018) here at the UCLouvain. At the same time, efficient image analysis tools
have been developed and recognized, such as SmartRoot (Lobet et al, 2011),
RootNav (Pound et al,, 2013) or DIRT (Das et al., 2015).

While root architecture
defines the global water flow
dynamics at the plant scale, root
anatomy influences local water
uptake. Combining anatomy and
architecture is thus necessary to
fully understand water dynamics
in plants. Nevertheless, at the
cross-section scale, high-
throughput phenotyping of root
anatomy still must be developed.
Analysing anatomy is time

consuming. Generating large
amount of anatomical data like
root architecture phenotyping do

is laborious, although new

Figure 1 : RootPhAir, the aeroponic phenotyping facility teChHOIOgieS make progress in
of the UCLouvain. Pictures from Draye et al. (2018) the domain. like laser ablation



tomography (Strock et al., 2019) or X-ray microscopy (Duncan et al., 2022).

As phenotyping becomes increasingly fast, accurate and affordable, the need
in understanding the behaviour and the implication of measured traits in water
uptake still stands. Moreover, traits conferring drought resistance can present dual
effects in function of the drying scenario, adding complexity to the selection of traits
of interest (Tardieu et al., 2017).

Root water uptake

Accurately measuring water flow in plants is a limiting step in the study of
soil-plant water relations (Passot et al., 2019). Pressure probe is used to measure
axial and radial conductivities at the cell and the organ scale but it is costly and time-
consuming (Steudle etal., 1987). Instead, functional-structural plant models (FSPM)
can be used. FSPM are constituted of a detailed root system architecture (RSA)
representation and functional properties. Structural information can be provided by
virtual RSA, with root system simulators like RootTyp (Pages et al., 2004),
ArchiSimple (Pagés et al., 2014) or CRootBox (Schnepf et al., 2017). Functional
properties are tricky to obtain experimentally but can be found in the literature.
With FSPM, water flow can therefore be modelled using mathematical equations
that describe known physical processes.

Water movement in plants is driven by a difference in water potential
through the whole plant, between the soil and the leaves. Water evaporation
through stomata at the leaves creates a tension that is sufficient to pump water from
the soil, thanks to the highly cohesive power of water. This cohesion-tension theory
proposed almost 130 years ago, although well discussed and criticized, still is the
main theory to explain water dynamics in plants (Steudle, 2001a). This water
movement from soil to leaves can be expressed as a combination of a radial flow
from the soil to the xylem vessels and an axial flow through the xylem files. The axial
flow J, [m3s~1] through xylem is represented by:

Jo= K M

* Ax
were K, [m* s™1 MPa™1] is the axial conductance in xylem, and % [MPa m~1]is the

gradient of water potential along the vertical length of the xylem vessel. K, can be
found using the Hagen-Poiseuille equation:

K, = zN:nri4 )
=y
& 81

L

where N is the number of xylem vessels, r; is the radius of the i*" xylem file, and 7 is
the water dynamic viscosity (Lewis and Boose, 1995; Steudle and Peterson, 1998).



For the radial flow in roots, the composite transport model proposes two
parallel pathways for the passage of water from the soil to the xylem (Kim et al,,
2018; Steudle, 2001b) : the cell-to-cell path and the apoplastic path. Cell-to-cell path
consists of passing water through membranes (trans-cellular path, by diffusion or
with aquaporins) or through plasmodesmata and cytosols (symplast). These
pathways have different “selectivity” that is expressed by the reflexion coefficient o.
o is close to zero for the apoplastic pathway, which does not select water and
solutes, and is close to one for symplastic pathway, due to aquaporins that create
the semi-permeability of the cell membranes (Couvreur et al., 2018; Kim et al,,
2018).

The water flow J,, [m3s~1] at the root surface can therefore be represented:

Jw = 2nrh * k, * (Al/)p + o, Al/)o) (3)

where 2nrh [m?] is the root surface (with r the radius of the root and h the height
of the cross-section), k, [m3m™2s7'MPa~1] is the root radial conductivity
(expressed here per surface area), Ay,[MPa] is the difference in water pressure
potential between the root surface and the xylem, and Ay, [MPa] is the difference in
osmotic potential between the root surface and at the xylem (Couvreur et al., 2018).
However, this equation is dependent of the nature of k,, which can be difficult to
model. At the cell scale, the radial conductivity depends on the conductance of cell
membranes, plasmodesmata and aquaporins (see Section II. A. 3). At the cross-
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Figure 2 : Water flow pathways at the cross-section scale. Image from
Kim et al. (2018).



Influence of the anatomy on water flow

II. A. 1. Primary growth

In tomato, the root cross section is composed of the stele and the cortex. In a
young root in primary growth, the centre of the stele is occupied by xylem and
metaxylem vessels arranged around parenchyma cells. Xylem is a conductor tissue
consisting of dead cells that let water and minerals flows from the root to the shoot
with little resistance (Taiz and Zeiger, 2003). In primary growth, xylem forms archs,
organised in blades. Figure 3 shows 4 xylem blades but note that tomato presents a
2-blades organised xylem (see Figure 4). With age, xylem differentiates into
metaxylem, characterised by large cells with a lignified wall, and lose its arch
structure for a more random distribution around the centre. Between xylem vessels,
parenchyma cells fill the rest of the inner stele. The inner stele is surrounded by
phloem and pericycle layers. Phloem is the second vascular element of the root and
is responsible for the transport of metabolites from the shoot to the root. Pericycle
is the outer layer of the stele and is an internal meristematic tissue. It is the place of
birth of lateral and adventitious roots.

Epidermis(dermal tissue)

Cortex

Pericycle Ground
(internal tissue) tissues

Endodermis

Phloem Vasculartissue

Xylem

RootHair

Vascular
cambium

Figure 3 : Anatomy of a primary growth root. Image from Taiz & Zeiger (2003).

The cortex is composed of unspecialised cells, except for the innermost and
outermost layers. The innermost layer, close to the pericycle, is the endodermis, a
tissue that will usually present apoplastic barriers like Casparian strips and suberin
lamellae to force symplastic pathway (see section II. A. 4). The outermost layer of
the cortical cylinder is the exodermis, which will present the same apoplastic
barriers that the endodermis, although the maturation timing is different.
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Eventually, the epidermis is a layer at the outside of the cortex, derived from the
protoderm, and that acts as a protective physical barrier.

As said before, the axial water flow in roots K, is only dependent on the size
of xylem vessels. Regarding the implication of each tissue in radial water flow, the
width of the cortical layers appears to be an important factor (Chimungu et al., 2014)
and one of the major predictors of k, in maize (Heymans et al., 2020a). So far, the
importance of the cortical layer width in constraining k, of tomato roots remains
unexplored.

IL. A. 2. Secondary growth in root

While primary growth is the constitution of the different tissues in the root,
secondary growth consists of the enlargement of the radius, where the vascular
cambium divides periclinally into secondary metaxylem or parenchyma in the
inside, and secondary phloem in the outside (see Figure 4). The stele will therefore
grow, putting pressure on the cortical cylinder. In some plants, the pericycle of old
roots in secondary growth differentiates into a protective tissue called periderm,

which will replace the epidermis. However, in tomato no clear periderm is formed
(Arafa, 2015).

Figure 4 : Secondary growth (left) vs. primary growth (right) in tomato.

Secondary growth patterns in root anatomy play a major role in soil resource
acquisition and plant fitness under stress by adding protective layers (Strock et al.,
2018; Strock and Lynch, 2020), and secondary growth regulation and initiation are
actively investigated (e.g., Miyashima et al., 2019; Smetana et al., 2019). From a
water uptake perspective, the common sense would be to assume that secondary
growth structures coupled with high-suberised tissues block the radial water flow
(Steudle, 2001b). However, Gambetta et al. (2013) showed that suberised roots with
secondary growth patterns can contribute significantly to the root system water
uptake since they represent a great proportion of the total root area, even with a
much smaller hydraulic conductivity. In tomato, the fact that no clear periderm is



formed motivates the interest for studying the impact of secondary growth
structures on water flow.

IL. A. 3. Sub-cellular parameters in water flow

At the cell scale, the water flow is regulated by aquaporins and
plasmodesmata. Because we will use these terms in future sections, we need to
briefly define them. Aquaporins are small membrane proteins that control the
transcellular water movement. They therefore regulate the cell membrane
permeability, and their expression varies with species and local conditions
(Chaumont and Tyerman, 2014). On the other hand, plasmodesmata are channels
between two cells, that traverse cell walls. They are formed during mitosis and are
composed of one desmotubule that links the endoplasmic reticulum of two
neighbouring cells. Plasmodesmata are important for the passage of information
molecules, and regulates the symplastic water pathway (Maule, 2008).

II. A. 4. Apoplastic barriers

In roots, formations of lignin and suberin play a major role in water and ions
flux regulation. Suberin is an insoluble poly(acylglycerol) polyester and forms
lamellae in cell walls that serve as protection against biotic and abiotic stresses
(Serra and Geldner, 2022). Lignin is a hydrophobic polymer that is found in cell
walls, and that, in combination with hydrophilic components such as cellulose,

Statel State ll
P>
Pericycle QA
-
Vascular tissue ———
Y
—— Endodermis —Q.O
Cortex
Epidermis

Yellow: Suberin composed of aliphatic components

dark yellow:lamellated structure, light yellow: diffuse suberin (hypothesized)
Red:  Casparian strips with lignin-like polymer
Black: Plasma membrane of the endodermis

Figure 5 : llustration of endodermal differentiation in
Arabidopsis. Picture from Nawrath et al. (2013).
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hemicellulose and pectin, provides strength to the cells and allows an efficient water
conductivity.

Both endodermis and exodermis present maturation stages composed of
Casparian strips or suberin lamellae. In the endodermis, Casparian strips are
ringlike incrustations of lignin and in less proportion suberin into cell walls
(Nawrath et al., 2013). Casparian strips are thought to be essential since they are
consistently found in plants (Naseer et al., 2012). The two main functions of
Casparian bands are 1) prevent apoplastic passage of ions from the cortex to the
stele, and 2) prevent backflow of the apoplast of the stele to the apoplast of the
cortex (Enstone et al., 2002). After the formation of Casparian bands, a suberin
lamellae can be formed as secondary walls of the endodermis. Its main function is to
prevent ions in the apoplast from penetrating endodermal cells (Enstone et al,,
2002). In exodermis, Casparian bands and suberin lamellae can be observed, but in
a closer timing: suberin lamellae develops during or immediately after Casparian
strips. Since Casparian strips and suberin lamellae blocks water flow in apoplastic
and symplastic way, respectively, they therefore have a huge impact on the radial
conductivity of the root.

Modelling anatomy and water flow

II. A. 5. Modelling radial water flow

The radial conductivity k, of a cross section depends on the global layout of
tissues and apoplastic barriers. To compute the water flow at the cross-section scale,
Couvreur et al. (2018) developed MECHA, a two-dimensional transverse model.
MECHA computes the water flow through the cells by combining local and
subcellular parameters such as plasmodesmata, aquaporins and cell wall

con d u Ct]Vlt] es. M E C HA uses O Cell inner walter potential -%— Cell wall conductance
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-‘:- Cell wall water potential Cell membrane conductance

VeCtorlsed and labelled Cross 0 Cell wall junction water potential M— Plasmodesmatal conductance
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conductivity k,. is then calculated based on Equation 3 and defined as a water uptake
rate per root surface under a pressure difference between root surface and xylem.

II. A. 6. Model root anatomies

While MECHA is easy to run and provide good results for a given cross
section, getting such labialised cross-section is quite difficult and was the main issue
for large scale, high-throughput analysis of the influence of specific anatomical traits
on water uptake (Passot et al.,, 2019). Cross-section pictures needed to be fully
labelled with CellSet (Pound et al., 2012) in order to get the XML file, which is highly
time consuming.

To tackle this gap, Heymans et al. (2020a) implemented GRANAR, a
generator of root anatomy. GRANAR is a set of R functions that allows the generation
of XML vectorised root cross sections with simple inputs that can be easily measured
on cross section pictures, e.g. by manual quantifications with Image] (Schneider et
al, 2012) or with automated tools like RootScan (Burton et al, 2012). The
generation of anatomy in GRANAR consists of placing cell layers around the centre
of the root. The position and the size of a cell or cell layers depend on the cell type
and on a random factor that brings slight changes at each iteration of a same set of
parameters. First, the model set up a network of coordinates corresponding to the
centre of each cell. The process begins by placing parenchyma cells in the stele, and
then build the other tissues until the outermost layer (the epidermis) is finished.
Regarding the vascular structures, the generation differs for monocotyledons and
dicotyledons. In monocots, xylem poles are disposed at the periphery of the stele.
On the other hand, vascular blades of xylem are formed in dicots. The number of
blades and the maximum size of xylem files are input parameters, and GRANAR
generates vascular blades by placing the largest xylem cell on the centre while filling
the blades with decreasing cell size, until the last xylem cell of the blade have the
size of a parenchyma cell. For phloem generation, GRANAR set up phloem poles
between xylem blades. Pericycle, endodermis, cortex, exodermis, and epidermis
layers are created by placing the centre of each cell in respect for mean cell sizes in
input. Once the centre of each cell is set up, GRANAR build the cell walls using a
Voronoi tessellation. Eventually, a polygon function computes the area of the cells.
Since GRANAR was initially built for maize, the generation of dicotyledonous cross
sections is more illustrative than functional, and was based on Arabidopsis
(Arabidopsis thaliana), which is a simple plant in terms of root anatomy. In the case
of tomato, the first version of GRANAR can be used to generate very young roots
where vascular blades are distinct (see Figure 17.A). Nevertheless, the anatomy of
tomato roots rapidly changes after a few centimetres from the tip, and secondary
growth structures appear (e.g., the replacement of xylem blades by a random
distribution of xylem files, a whole cell layer of phloem and cambium), which cannot
be simulated with GRANAR.



For maize, GRANAR and MECHA were coupled to study the influence of main
anatomical traits on root radial conductivity, and the results highlighted the
importance of cortex cells width and stele area (Heymans et al., 2020a). At the root
system scale, Heymans et al. (2021) built hydraulic atlases by generating anatomies
along the roots and computing water flow in these cross sections. Anatomies were
generated based on microscopical measurements, while water flow was computed
with MECHA for radial conductivity and the Hagen-Poiseuille equation for the axial
conductivity.

This allowed the study of the behaviour of the conductivities through the root
system, and comparisons with experimental measures from the literature, e.g. with
the work of Doussan (1998).

II. A. 7. Modelling multiscale water flow in the soil-root-system

Then was built VIPER, the Virtual Phenotyping Pipeline for Root Water
Uptake (Heymans et al.,, 2020b). VIPER coupled local water dynamic modelling of
GRANAR-MECHA with a virtual plant architecture simulated with CRootBox
(Schnepf et al,, 2017) or CPlantBox (Zhou et al., 2020). Then MARSHAL (Meunier et
al., 2020) coupled with Hydrus-1D (Simfinek et al., 2016) computed the global root
system conductance K, the standard sink fraction SSF and the transpiration
allowed by the root system in given soil and weather conditions.

Cellularand subcellular
2 parameters
A °
SR Local root
Cross Sections MECHA c conductivities
XML

GRANAR

3

Anatomical RSA MARSHAL RSHA

parameters

N ;
N Soil
Cross Sections f \j’ CPlantBox Profile HYDRUS
images /’
) Y~
(@) N
t‘\' :? p Architectural Weather
. * parameters data

Figure 7 : Virtual Phenotyping Pipeline for Root Hydraulic Traits (VIPER).
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Application to tomato

Tomato was chosen here as model plant to elaborate and calibrate modelling
tools that could be applied to dicotyledons. Tomato is easy to grow in greenhouses,
present secondary growth patterns while being herbaceous. Furthermore, tomato
is well studied in the laboratory so I could benefit from experimental knowledge
and experience (e.g. Bigot et al., 2022; Blanchard-Gros et al., 2021; Gharbi et al,,
2018).

Domestic tomato (Solanum lycopersicum) is one of the most important
vegetable crops in terms of production (FAO, 2022). However, domestic tomatoes
have a very poor genetic diversity, where wild tomato genetic diversity is huge
(Rezk et al.,, 2021). Transferring wild tomatoes benefits to domestic cultivars is
subject to lots of work and application of brand new genetic techniques (Al-Khayri
etal.,, 2021; Lietal,, 2018).

Studying influent parameters in wild tomato and compare it with domestic
tomato is therefore a key step before high-throughput phenotyping and elaborating
breeding programs. We choose to work here with Solanum pimpinellifolium which
is a wild but genetically close relative of S. lycopersicum (Bedinger et al., 2011). S.
pimpinellifolium presents interesting genetic and geographical distributions among
its 269 accessions, is resistant to salinity, and presents various architectural
ideotypes (Conesa et al., 2017; Li et al., 2018; Lin et al., 2020; Chandrasekhar and
Julkowska, 2022; Razali et al., 2018). These features make S. pimpinellifolium a good
model plant to study the distribution of architectural and anatomical trait
quantifications among its accessions. Solanum lycopersicum Moneymaker was
chosen as domestic species, since it is very popular and widely used for crop
production (e.g. Lee, 2021; “Moneymaker,” 2022; “Tomato ‘Moneymaker’ seeds,”
2022).

11



III. Objectives

This master’s thesis focusses on the following question :
“How do anatomical root traits influence water uptake in tomato?”

More precisely, we will focus on the influence of young secondary grow
features, anatomical patterns and apoplastic barriers on hydraulic conductivities in
wild and domestic tomatoes. Formally, the objectives are:

1) Characterise and quantify tomato root anatomy. For that, wild and
domestic tomatoes will be grown. Root cross sections will be prepared
and observed with a microscope. Anatomy pictures will be analysed and
quantified.

2) Adapt GRANAR (Heymans et al,, 2020a) to generate corresponding
anatomies. Coding and calibrating new implementations of GRANAR will
be done in collaboration with Rémy Schoppach?.

3) Compute water flow through generated anatomies. Simulations with
MECHA (Couvreur et al, 2018) will be performed on generated
anatomies. Influence of anatomical traits and difference between wild
and domestic tomato will be analysed. Unfortunately, this third goal will
not be achieved in this master’s thesis, due to a lack of time.

Eventually, this work can be seen as a protocol improvement that can be later
applied to larger set of samples. This protocol prepares the basis for a more
complete and complex modelling pipeline similar to VIPER (Heymans et al., 2020b)
for studying global hydraulic dynamics in dicotyledons in response to different
anatomical, architectural and environmental parameters.

1ELIA, UCLouvain.
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IV. Materials & methods

Genotype selection and plant grow

Six genotypes of Solanum pimpinellifolium were selected based on
unpublished data from Clément Sain-Cast? and on data from Chandrasekhar and
Julkowska (2022) on weight of aerial parts, stem diameter, stem length, leaf area,
root diameter and root length. From 20 genotypes at our disposal, we chose 6
genotypes by trying to maximise the contrast of the previous measurements, shown
in Table 1. The “Population” column refers to the geographical location of the
genotypes, in the populations defined by Lin et al. (2020) and data from the Tomato

Genetic Research Centers3.

Table 1 : Selected genotypes

Identifier Species Assession Population

A Solanum LA0114 Central
pimpinellifolium

B Solanum LA0391 Central
pimpinellifolium

C Solanum LA1332 Southern
pimpinellifolium

D Solanum LA1599 Central-south
pimpinellifolium

E Solanum LA1652 Southern
pimpinellifolium

F Solanum LA1687 Central-North
pimpinellifolium

G Solanum Moneymaker -
lycopersicum

A hydroponic system was designed. Web-tubes were constructed with 2cm?2
surface plastic web stuck between two PVC tubes. The web-tubes were fixed into
holes made in expanded polystyrene (EPS) plates. 2,5L plastic boxes were filled with
Hoagland nutrient solution (see Appendix 1 : Hoegland nutritive solution), and the
EPS plates with the web-tubes were put on top of the boxes to float on the solution.

2EGFV, INRAE

3 https://tgrc.ucdavis.edu/
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Seeds were dropped into the web-tubes and each box went to germination chamber
at 20°C, 14h/24 light for 14 days, till having 3-4 cm long root. After 14 days, the small
plants were carefully removed from the web-tubes and the web-tubes were
detached from the EPS plates. The young plants were fixed at the EPS plates by
sticking the collar at the plate with wadding. Eventually, the plates were deposited
on the solution in the bins, with the roots emerged into the solution. Then plants
were grown in greenhouses for 15 days. Nutrient solution was renewed every week.

Figure 8 : Materials for plant growth. A. and B. Web-tubes composed of one plastic
web and two PVC tubes. C. and D. Hydroponic system for plant growth. E. Capture of
the root architecture 25 days after germination.
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Architectural measurements

During the growth period, pictures of the root system were taken at four
different dates. At each date, the plates were suspended outside of the solution, and
the root systems were photographed. Architectural measures were made using
SmartRoot (Lobet et al, 2011). The plants were harvested 31 days after
germination. For each plant, the root system was separated from the shoot at the
collar. The leaf area was measured with the Li-3100 Area Meter from LI-COR. The
root system was scanned with at 600dpi resolution, then stored in tubes in a 3:3:2
water-ethanol-glycerol solution (WEG) at 2°C. WEG is a safe alternative to the well-
known ethanol-acetic acid-formaldehyde (FAA) which is very toxic, and provide full
integrity preservation (Kitin et al., 2020).

Anatomical measurements

IV. A. 1. Samples and cross section preparation

For each plant, the main root was pruned from its lateral roots. Inspired by
Gambetta et al. (2013), the main root was divided in four segments, as distance
reference from the collar (Figure 9). That choice was motivated by the fact that
precisely measure the distance of a cross section to the apex is laborious, while
working with zones and interpolate measures is simple. Furthermore, that allowed
us to make large number of cross sections and select the best for each segment. The
length of each segment was defined based on test observations so that each segment
roughly corresponds to a homogenous anatomical pattern. The first segment is 1,5
cm long starting from the collar (~10-15 cm from the tip) and corresponds to the
transition of root into shoot. Secondary growth is visible, and vascular bundles begin
to form. The second segment is 2 cm long and corresponds to the fulfilment of
secondary growth, at 2 cm from the collar (~8-10 cm) from the tip. Xylem files seems
to follow a purely random distribution in the stele (although we sometimes see
medullary rays) and the cortical cylinder is squeezed by the stele. The third segment
is 2-3 cm long, corresponding to the beginning of secondary growth (at ~6-8 cm
from the tip). Finally, the fourth segment is ~4 cm long, corresponding to the
maturation of the primary stage of the root (at ~2-6 cm from the tip), and presenting
approximately the same anatomical patterns in a large part of the root. In addition
to these four segments, a last segment corresponds to the meristematic zone, from
the tip up to ~1-3 cm. We did not take this segment into account in this work since
itwas very laborious to get such cross sections and that too few cross-section images
produced within this zone were of the minimum quality required to allow a fair
quantification of tissues sizes.
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Figure 9 : Cross sections were made in four segments of the main root

segment for the primary stage.
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Cross sections were directly made by hand for the two first segments, while
the third and the fourth segment were first embedded in agarose, following the
Atkinson and Wells (2017) and Zelko et al. (2012) protocol. In our case, the protocol
consists of placing the root samples in 3D printed moults from Atkinson and Wells
(2017) models, and preparing an agar-water solution 5 % (w/v) at 90 °C. The agar
solution was then carefully cast into the moults, which were next stored for 10 min
at 2°C.

A.

D- b 100 pm . } : 200 pm

Figure 10 : Colorations used and examples of image composition. A. Coloration with Berberine-Aniline
under UV. B. Coloration with Fluorol Yellow under UV. C. Coloration with Toluidine O under normal
light. D, E. Mixed imaged composed of Berberine Aniline and Toluidine O staining.

For both naked samples of the first two segments and agar embedded
samples, cross sections were made by hand with a razor blade. The sections were
then stained with berberine-hemisulfate and aniline or with fluorol yellow. For each
segment of roots, the cross sections were stored in Petri dishes in a drop of water
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for berberine toluidine staining, and in a drop of 50% glycerol for fluorol yellow
staining. Fast staining using only Toluidine O alone were also made for preliminary
observations and additional cross sections (Yeung et al., 2015).

IV. A. 2. Berberine aniline staining

Berberine hemisulfate (BH), coupled with aniline, highlights lignin
depositions, and therefore spots the Casparian strips (Figure 10.A). Following the
Brundrett et al. (1988) and the Lux et al. (2005) protocol, BH 0,1% in water and
aniline blue 0,5% in water solutions were prepared. Cross sections were first
stained for 1h in BH, then rinsed in water and then stained in aniline blue for 30
minutes. The cross sections were rinsed again and post-stained with 0,05%
toluidine O. The cross sections were mounted on lamellae and observed both using
ultraviolet (UV) excitation (FITC or 488 excitation) and normal light using a Eclipse
E400 (Nikon). Pictures were taken with a Moticam 2000 (Motic) and managed with
Motic Image Plus (Motic).

IV. A. 3. Fluorol yellow staining

Fluorol Yellow (FY) highlights suberised tissues, like exodermis and
metaxylem files (Figure 10.B). Kitin et al. (2020) recommends using it with glycerol
as solvent. In addition to successfully dissolve FY, glycerol strengthens the samples,
which makes cuts by hand easier, and the sample more resistant to degradation. The
protocol of Lux et al. (2005) was followed for the preparation. A solution of 0,01%
FY 088 in polyethylene glycol was heated at 90°C. Then a same volume of glycerol
was added to the solution. One or two drops of the FY solution was placed on the
cross-section samples, and the samples were stored a whole night. Then the samples
were rinsed with water and observed with a microscope in a drop of 50% glycerol
using UV excitation (FITC or 488 excitation).
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Anatomical quantifications

IV. A. 4. Data measurement

Multiple pictures of a same cross section at different UV excitation were
taken, and composed together with GIMP (GIMP development team, 2021) to get as
much anatomical information as possible in one image. Indeed, cortex features were
better identified with Toluidine 0 staining, where details about the stele were better
highlighted with FY or BHS staining. The composed images were then quantified
using the Image] software (Schneider et al., 2012).

Some assumptions and simplifications were made in the process of
quantification. The objective was not to get a precise histological map, but rather to
quantified tissues that could play a role in radial and axial water uptake. Tracheids
and meta-xylem cells were quantified equally, and proto-xylem cells that are not yet
differentiated were quantified as parenchyma cells. Primary phloem was difficult to
spot, and therefore was not quantified but was rather supposed similar to
parenchyma in terms of cell size and diameter. On the other hand, a secondary
phloem layer appears quickly and was quantified. Vascular cambium was not
considered as a specific tissue, as its features were similar to surrounding
parenchyma and phloem and was therefore quantified as phloem or parenchyma.

The full quantification protocol consists of drawing a few cells for each
tissue and measuring their size (in pum?) or their width (in pm). For xylem, each
vessel cell was drawn, because the number of xylem cells is a parameter of GRANAR,
and it is obtained by counting the number of measurements. Regarding the
parenchyma, phloem and cortex, cells were drawn along one or more radius, to
avoid unintentional selection bias. For tissues that are composed of one single cell
layer (pericycle, endodermis, exodermis and epidermis), a few cells were drawn in
a random distribution along the arc of circle of the cell layer. For drawn cells of
phloem, pericycle, endodermis, cortex, exodermis and epidermis, the cell width in
the cross-section radius direction was measured. GRANAR generates round cells,
whereas cells in these tissues appear to be elongated. We therefore chose to
generate round cells in GRANAR but with a diameter equal to the width of the
measured cells. By doing so, we end up with generated tissues that have more cells
(that are round) in total, but with a diameter equal to the width of the measured
cells in the direction of the cross-section radius. This choice was motivated by the
fact that layer width has tremendous influence on radial water flow while the
number of cells per cell layer (and by extension the number of cell walls for
apoplastic pathway) have little effect.
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The number of cell files within a tissue was stored as dedicated measures,
and the hydrophobic stage of the endodermis and exodermis was recorded using

notation 0 for no apoplastic barrier, 1 for Casparian bands and 2 for suberin
lamellae.

Figure 11 : Quantified cross-section picture. For each drawn cell, area was measured, and for
each drawn segment (cell width, stele radius or cortex radius), the length was measured.

IV. A. 5. Data processing

All measurements of all pictures were stored in a database and treated in R
(R Core Team, 2020) to get a table of the quantifications as GRANAR input
parameters per plant and per segment. For the parameters that required treatment,
a detailed explanation is given in this paragraph.
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e For the inner stele (parenchyma), cells were considered as round,
and the cell diameter parameter was computed using cell areas:

1 areaq;
Dcell,stele = ; Z (2 X - - X 10_3) (4‘)

Where D¢ stere[mm] is the stele (parenchyma) cell mean diameter

and area; [um?] is the area of the it measured cell and n is the
number of measured cells.

e For the other tissues (pericycle, endodermis, cortex, exodermis and
epidermis), the cell diameter was simple expressed as the mean of
the cell diameter of the measured cells:

1
Dee =~ 107 x4, 5)

Where D, [mm] is the mean cell diameter, and d; [um] is the
diameter of one cell among the n measured cells.

e For every tissue, the mean cell size was calculated as the mean of all
cell areas within one tissue.

e Phloem proportion was computed as the ratio between phloem layer
width and stele radius.

Data management

Architectural measures were stored in csv tables. Anatomical quantifications
were recorded in a xIsx file for each cross section. One cross section is identified by
the id of the plant, the segment, the zoom, and a repetition number. All
quantifications were stored into a single csv file as the anatomical database
(Anatomy_full table in the database). Then the data was processed into GRANAR
input parameters and stored in the Anatomy table. Figure 12 shows the complete
database design used. This design allowed to perform statistical analysis, data
process and model calibration while still feeding the database with new
quantifications.

All codes used in this work can be found here:
https://github.com/granar/granar tomato
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Remy Schoppach added new features and new functions to GRANAR by
trying to fit the cross-section pictures taken and quantified in this master’s thesis.
The main feature that required changes was the generation of secondary xylem and

phloem.

The initial version of GRANAR generated metaxylem blades of one cell width,
but the observed pattern of xylem was more like a random distribution within the
stele. A new function was coded to fill the stele with parenchyma cells and to place
xylem files in a more realistic pattern of early secondary growth. In addition,
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modifications of the code were made to create multiple cell files of phloem.
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First, the inner stele is filled with parenchyma. The number of parenchyma
cells is determined based on the inner stele area A;per stere [WM?], the total xylem

area Axyiem [um?] and the mean parenchyma cell size ﬁparenchyma [um?]:

_ Ainner stele — Axylem
nparenchyma - —_— (6)
CS parenchyma
Where the total xylem area A,,;ep, is the product of the mean xylem cell size

and the number of xylem vessels, while the inner stele area is extracted from the
diameter:

—_ 2
Dstele -2 CDpericycle) (7)

Ainner stele = T <1000 X >

Where Dgp1o[um] is the stele diameter and C_Dpericycle [um] is the mean cell
diameter of the pericycle.

For the xylem cells, the number of generated cells is an input parameter. The
sizes of the cells are randomly picked following a beta distribution of parameters
a = 2and f = 4inarange between 0 and the maximum xylem cell size (set in input)
using the rBeta2009 package*. The positioning of the centre of xylem vessels in the
stele is done with the function circleProgressiveLayout of the packcircle packages.
Then the centre of xylem cells and parenchyma cells are randomly mixed in the inner
stele.

In the initial version of GRANAR, the phloem was generated as poles between
xylem blades. However, in young secondary growth, phloem appeared to be
organised as a full layer of cells around the parenchyma and inner of the pericycle.
Here we first fill the inner stele only with parenchyma and then we assign the
outermost layers as phloem. The phloem area A,pipem[m?] is computed based on

the fraction of phloem f,;5em in the stele along one stele radius Tipper stere [mm] :

Tinner stele fphloem

1000

2
— — 2
Aphloem - 7T< > - fphloem X Ainner stele (8)

Finally, the other tissues are generated with the initial GRANAR code and the
Voronoi tessellation creates the cell walls.

4 https://rdocumentation.org/packages/rBeta2009
5 https://rdocumentation.org/packages/packcircles
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V. Results

Architectural and anatomical characterization

Since Moneymaker is a widely used domestic cultivar that has been
optimised for crop production while S. pimpinellifolium is a wild species that grow
in natural environments, differences in grow and water uptake strategies are
expected. These strategies are reflected by architectural and anatomical traits.

V. A. 1. Architecture

In this experiment, there were no significant differences among S.
pimpinellifolium accessions in terms of growth rate and leaf surface (Table 2). All S.
pimpinellifolium plants were then grouped as “wild” tomato and compared to S.
lycopersicum Moneymaker as “domestic” tomato. S. pimpinellifolium leaf surface was
significantly lesser than Moneymaker. The evolution of the maximum root length
through time was visually modelled using a quadratic regression (Figure 13.C)
using four measurement points. Yet, the quadratic regression was not much better
than a linear regression (respectively R? = 0.6774 and R? = 0.6699) so the slope of
the linear regression was used as the growth rate parameter. For each plant, the
mean growth rate was computed, and Moneymaker showed significantly lower
growth rate than S. pimpinellifolium. By comparing growth rate and leaf area, Figure
13.D clearly shows that S. pimpinellifolium and Moneymaker presents different
strategies: while Moneymaker allows more carbon in leaves, S. pimpinellifolium
focus on root development. This suggests that S. pimpinellifolium could have lesser
evapotranspiration, but that it might have a better access to soil water.

V. A. 2. Anatomical characterization

Each root segment was characterised and quantified. Table 3 shows a
summary of the features of each segment. All the quantified cross sections showed
metaxylem cells coupled with parenchyma in a “random” filling of the centre of the
stele, losing the arch nature of xylem blades. An exception can be made for very
young roots segments, where two xylem blades can be seen near the tip, but we did
not focus on that stage.

Apoplastic barriers (suberin lamellae and Casparian strips) were spotted
with specific colorations. By paying attention to the appearance of barriers in each
segment, we can build a map of apoplastic structures along the main root, as shown
in Figure 14. For very young roots in primary growth, Casparian bands can
sometimes be seen in exodermis, while endodermis presents no apoplastic
structures.
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Figure 13 : Architectural results for S. pimpinellifolium (orange) and S. lycopersicum

(green). A. Mean root growth rate. B. Leaf surface. C. Leaf surface vs. root growth rate.
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In segment 4, we see a suberised exodermis while endodermis begins to form
Casparian bands (Figure 14.A. and B.). Segment 3 shows both exodermis and
endodermis with suberin (Figure 14.C). In the pictures of segment 2 (Figure 14.D)
suberin was highlighted in exodermis but was not visible in endodermis. We make
the hypothesis that in that segment the endodermis is also suberised but with no
visual proof. Indeed, it seems unlikely that this region is not suberised while the

Table 2 : Results of analysis of the variance for leaf surface and growth rate.

Parameter Accessions/Species Comparison
S. pimpinellifolium F=0.8
accessions Pr (>F) =0.53

Leaf surface
S. pimpinellifolium VS F=13.7

S. lycopersicum

S. pimpinellifolium

accessions
Growth Rate

S. pimpinellifolium VS

S. lycopersicum

Pr (>F) <0.001

F=0.59
Pr (>F) = 0.67

F=6.87
Pr (>F) = 0.012

previous segments are.

Table 3 : Summary of the features of each segment

Segment Features Localisation

Segment 1 Interface between root and shoot, Near the collar. 10-15
Secondary growth, cm from the tip.
Central pith,
Stele radius > cortical radius

Segment 2 Secondary growth, 8-10 cm from the tip
Stele radius > cortical radius

Segment 3 Young secondary growth, 6-8 cm from the tip
Stele radius ~ cortical radius

Segment 4 End of primary growth, 2-6 cm from the tip

Segment 5 (qualitative)

Stele radius < cortical radius,
Few meta-xylem cells in random
disposition around the centre of
the stele

Primary growth,
Xylem in 2 blades

0-2 cm from the tip
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ﬁ Suberin in exodermis

’ Casparian bands

’ Suberin in endodermis

Figure 14 : Apoplastic barriers along the root. Yellow is for suberin in exodermis, red is for Casparian bands in endodermis and blue is for suberin in
endodermis. A. Segment 4 whith suberised exodermis and no barrier in endodermis. B. Segment 4 with suberised exodermis and Casparian strips in
endodermis. C. Segment 3 with suberised exodermis and endodermis. D. Segment 2 with suberised exodermis and hypothetical suberised endodermis.
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A surprising feature is the missing of a clear epidermis in the pictures. Even
in early stages, epidermis cells were small and rare, and the exodermis seems to
rapidly become the outermost tissue. However, some pictures clearly show a
distinct epidermis layer, and proved that suberin comes from the exodermis and are
not diffuse in epidermis (Figure 15). A hypothesis could be that in hydroponics,
plants do not need epidermis to explore solid matter, and therefore sacrifice
epidermis to increase water and nutrient uptake from the solution.

Epidermis
layer

Suberized
exodermis

Figure 15 : Exodermis and epidermis in segment 4.

Due to a lack of time and substantial number of lost samples in the process
of elaborating the protocol, only two genotypes were fully studied and quantified in
terms of anatomy — S. pimpinellifolium LA0114 and S. lycopersicum Moneymaker.
From characterising anatomy among multiple genotypes, the project turned into the
making of a quantification protocol and a focus was placed on the update of
GRANAR. This choice was also motivated by the absence of significant difference in
architecture in S. pimpinellifolium accessions. For both cultivars analysed, 4 roots
were used, and each root was divided in 4 segments, for a total of 24 quantified cross
sections. Each quantification takes between 20 and 40 min (with image process and
composition). At least one cross section of each segment of each root was quantified,
except for the first segment corresponding to the interface between root and shoot,
where the anatomy changes too hardly to be quantified with the same protocol.
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V. A. 3. Quantification of the anatomy

Anatomical quantification shows that all traits are correlated, except the
proportion of phloem in the stele (Figure 16.D). All traits present significant
differences between the different segments (except epidermis), with increasing
values from the bottom (Segment 4) to the top of the root (Segment 2). In terms of
differences between S. pimpinellifolium and Moneymaker, only xylem and cortex
traits (specially xylem mean size, Xxylem total area, cortex cell diameter and cortex
layer diameter) are significatively different at a level of 0.05. Xylem total area was
computed by multiplying the number of vessels by the mean vessel size. The cortex
layer diameter is obtained by multiplying the mean cell diameter by the number of

layers.
Table 4 : Analysis of variance for the effect of the segment and the effect of the genotype
Effect of the segment Effect of the genotype
Tissue Trait
F value P value F value P value

Xylem number of files 329 < 10e-3 2.9 0.1046
Xylem mean cell size 11.4 < 10e-3 4.4 0.05
Xylem total area (log) 45 < 10e-3 5.9 0.025
Stele total area (log) 44.2 < 10e-3 0.5 0.408
Stele layer diameter 23.9 < 10e-3 0.13 0.71
Parenchyma mean cell size 22.7 < 10e-3 0.21 0.648
Cortex mean cell diameter 37.9 < 10e-3 5.4 0.031
Cortex number of layers 3.59 0.0487 0.81 0.17
Cortex layer diameter 20.54 < 10e-3 6.38 0.022
Phloem number of files 10.28 0.00105 0.0613 0.81
Phloem max cell size 46.34 < 10e-3 1.294 0.27
Phloem proportion 3.77 0.043 0.006 0.93
Pericycle cell diameter 32.29 < 10e-3 0.09337 0.7
Endodermis cell diameter 22.54 < 10e-3 1.43 0.24
Exodermis cell diameter 6.96 0.005 0.39 0.53
Epidermis cell diameter 0.95 0.3921 0.03 0.866

Interestingly, we can compare the mean layer diameter of the stele and the
cortex. In early segments, stele and cortex have equal layer diameter, but in the older
segments, the stele diameter overtakes the cortex diameter till being twice bigger
(Figure 16.C). This is due to the secondary growth pattern in which the stele growth
by generation of secondary xylem and phloem and put pressure on the cortex layers.
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Figure 16 : Visualisation of anatomical quantifications. Orange is for S. pimpinellifolium, and green is for S.
lycopersicum. A. Cortex layer diameter. B. Total xylem area. C. Comparison of the stele layer diameter (dotted
lines) and cortex layer diameter (straight lines) along the root. D. Heatmap of the correlations between traits.
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GRANAR secondary growth update: Pack Xylem function

The updated version of GRANAR simulates cross sections that contain
secondary growth patterns. The parameters of the update of GRANAR are presented
in Table 5. The secondary growth module is a set of R functions called Pack Xylem
that can be directly integrated to the main code of GRANAR. The user can now
choose to generate dicotyledonous root cross sections in primary stage or in
secondary growth stage (Figure 17). Some little issues still have to be fixed, like a
mismatch between parenchyma, phloem and endodermis for some cells (cfr
Appendix 2 : Example of secondary growth cross sections generated with the update
of GRANAR).

The maturity stages of the endodermis and the exodermis are represented in
input by three stages: 0) no apoplastic barrier, 1) Casparian strip, 2) suberin
lamellae. These inputs do not change the anatomical generation but are important
for the future computing of water flow with MECHA.

Water uptake

A modified version of MECHA was coded by Valentin Couvreur®,
corresponding to the different hydrophobic stages of endodermis and exodermis.
Unfortunately, we could not yet link GRANAR with MECHA and compute water flow
in this master’s thesis due date.

6 ELIA, UCLouvain
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Figure 17 : Comparison side by side between generated cross section and corresponding anatomy
picture. A. Initial version of GRANAR vs. primary growth cross section. B. Update of GRANAR vs.
young secondary growth cross section.
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Table 5 : Parameters of the update of GRANAR.

Name/Tissue Type Description Range/units
Secondary growth Parameter Activate or deactivate generation of secondary Oorl
growth patterns

Randomness Parameter Set the level of randomness in the generation Oto5

Plant type Parameter Choose to generate dicotyledon or monocotyledon 1 for monocots, 2 for
dicots

Aerenchyma Proportion Set the proportion of aerenchyma [—]

Aerenchyma N_files Set the number of aerenchyma files [—]

Xylem Max_size Set the maximum size of xylem cells [um?]

Xylem Mean_size Set the mean size of xylem cells [um?]

Parenchyma Cell_diameter Set the mean diameter of parenchyma cells [mm]

Stele SD Set the standard deviation of parenchyma cell size [um?]

Stele Totarea Set the total area of the stele (containing [um?]

parenchyma, xylem, phloem and pericycle)

Parenchyma N_layers Set the number of cell layers [-1]

Stele Layer_diameter Set the diameter of the stele [mm]

Phloem Max_size Set the maximum size of phloem cells [um?]

Phloem N_files Set the number of phloem files [-1]

Phloem Proportion Set the proportion of phloem in the stele [-1]

Pericycle Cell_diameter Set the mean pericycle cell diameter [mm]

Pericycle N_layers Set the number of pericycle files [-1]

Endodermis Cell_diameter Set the mean endodermis cell diameter [mm]

Endodermis N_layers Set the number of endodermis files [-]

Endodermis Barrier Set the maturity stage of cells 0 : no apoplastic barrier;
1: Casparian strips;
2 : Suberin lamellae

Cortex Cell_diameter Set the mean cortex cell diameter [mm]

Cortex N_layers Set the number of cortex files [-1]

Exodermis Cell_diameter Set the mean exodermis cell diameter [mm]

Exodermis N_layers Set the number of exodermis files [-1]

Exodermis Barrier Set the maturity stage of cells 0 : no apoplastic barrier;
1: Casparian strips;
2 : Suberin lamellae

Epidermis Cell_diameter Set the mean epidermis cell diameter [mm]

Epidermis N_layers Set the number of epidermis files [-]

33



VI. Discussion & perspectives

Anatomy and comparison between species/genotypes

It is clear that the number of samples used in this work is not enough to
formulate strong conclusions and differentiate physiological behaviour between
wild and domestic tomato species. Instead, the manipulations served to update
microscopical protocols, quantification process and simulation tools. The
comparison between genotypes must therefore stay anecdotal.

Yet some interesting features were consistently observed in the cross
sections. First, the fact that exodermis suberisation appears before the endodermis
one probably has consequences on water uptake. Second, the shift in layer diameter
of stele and cortex is intriguing from a water dynamic point of view. A larger stele
would increase the radial conductivity by extending the water pathway area and an
increased xylem area, but is it inhibited by the development of apoplastic barriers?
Larger xylem area is supposed to increase axial conductivity, so how the shift in
radial to axial conductivity will happen? Hopefully, these questions can be
investigated with the new version of GRANAR and a link with MECHA.

A protocol to quantify dicot anatomy and influent traits

Multiple techniques were tested, coming both from the working environment
and from literature, to formulate a protocol for quantifying anatomical traits,
apoplastic barriers, tissue development, secondary growth patterns and maturation
stages. In particular, colorations of updated protocols from Brundrett et al. (1988),
Kitin et al. (2020) and Lux et al. (2005) were coupled with moult embedding
techniques from Atkinson and Wells (2017) and Zelko et al. (2012) to quantitatively
investigate anatomy along the roots, from the tip to the collar. The final pictures
were clean and information rich. Nevertheless, good sample colorations require lots
of time (~2h for BH and ~20h for FY), so meticulous organization is required to deal
with a high number of samples.

Studying the evolution of the anatomy along the root is not obvious, and some
simplifications had to be made. While Heymans et al. (2021) achieved a nice
precision and a characterisation of the anatomy along multiple root types, here
anatomy was evaluated in 3 segments of the main root, that presented specific
patterns, similar to the methodology of Gambetta et al. (2013).

Secondary growth update of GRANAR

The implementation of new GRANAR modules to simulate dicots is a step
towards high throughput modelling of water flow in roots. However, the link with
MECHA is not yet functional, and requires to code new sections, investigate
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subcellular parameters for tomato, and validate radial and axial water flow
computations with literature data.

GRANAR is able to generate cross sections for studying water flow, but does
not consider some tissues, like cambium or periderm that were not supposed to play
a significant role in water dynamics or that simply not appear at all in tomato. Thus,
updates are required to enhance the fidelity of the model to reality. One possible
future for GRANAR is the construction of a developmental module, as mentioned by
Heymans et al. (2020). Especially for dicots, the initial version of GRANAR can
simulate young primary growth anatomies, while the new version can generate
large sections in secondary growth. So far, the generation of anatomy along a root
was done by generating “step” cross-sections and by interpolation, but coupling the
two dicot versions of GRANAR with a progressive development (cell division with
hormonal growth control and response) along the root might help explore the
consequences of anatomical development on nutrient uptake. Needless to say, that
will add tremendous complexity to the model and hard time for future developers
and users.

Perspectives

The quantification protocol established in this master’s thesis works well,
using microscope techniques, different colorations, computational tools to measure
traits, a database design, and codes to load, treat and display data at low cost. All
these tools and techniques can now be applied to a larger set of samples, e.g. to other
tomato species, more genotypes, and more repetitions. Obviously, experimental
design will have to be more complicated than the one used in this work. Indeed,
environmental factors, interactions and other parameters influencing the variance
that was not considered in this work will have to be included. Nevertheless,
experimental protocols to study root anatomy “by hand” still remain highly time
consuming. There is therefore a large place for innovation, and integration of new
technologies to reduce the manipulation duration and improve quality of samples.
About trait quantification from cross-section pictures, new computational tools
using image analysis and machine learning concepts could be specifically developed
to dicots in order to increase the productivity, like RootScan do for maize. On the
other hand, coupling the new version of GRANAR with MECHA will open the way to
multiscale modelling of water flow in tomato, or similar dicots (e.g. grapevines).

These anatomical phenotyping tools (both experimental and computational)
could be coupled to architectural phenotyping process, to enhance the complexity
of the simulations and affine our understanding of plant water uptake. Several
applications exist, like test the effects of combinations of microscopic and
macroscopic traits on water flow, simulate the anatomical response to stress and
investigate the water dynamic consequences, or simulate the anatomical behaviour
of roots in different soils and environments.
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Personal enrichment and perspectives

Root anatomy is a deep and fascinating world. Its inaccessibility makes it full
of mysteries and wonders. [ spend a tremendous time of this master’s thesis to learn
the cross-section art, and [ am proud of the nice pictures I eventually made. I paid
lots of attention to the data management and the design of codes, to build a solid and
adjustable pipeline of data collection, process, and export. Unfortunately, I could not
apply these techniques to a set of samples large enough to get significant data and
conclusions. The comparison between wild and domestic tomato still remains
anecdotal. However, the skills that I developed and the tools that we made can now
be apply to a large set of plants and constitute the basis for a new project.
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VII. Conclusion

Understand the role of plant traits on water uptake is crucial in a climate
change context, where droughts that impact crop production are expected to be
more frequent and more severe. Root architectural traits are subject to a large
number of phenotyping projects. At the lower scale, root anatomy plays a major role
in water dynamics, and coupling anatomical traits with architectural traits in
phenotyping processes might improve our understanding of water-saving strategies
in plants. However, anatomy is difficult to study with high throughput due to its
microscopical scale. New tools and protocols have to be developed to enhance the
quality of anatomical modelling, and to integrate anatomy into plant-scale
simulations.

In this work, we extended the work of Heymans et al. (2020) by adding a
secondary growth module to the generator of root anatomy GRANAR. For that, we
used tomato as model plant. We grew tomato in hydroponics, monitored
architectural parameters, and explored tomato root anatomy. Staining techniques
were tested and apply, and a protocol for anatomy quantification was built. Tomato
root anatomy was characterised, and maturity stages along the tap root were
investigated.

Two species of tomato were studied and compared, but the results cannot be
exploited as a conclusion, due to not enough repetitions and genotypes used.
However, it was sufficient to characterise general root tomato anatomy and obtain
useful quantifications.

With the collected data, we implemented and validated the new R function
Pack Xylem, that is integrated in the code of GRANAR and allows the generation of
anatomical secondary growth patterns. The virtual cross sections generated with
this new module are compatible with MECHA, the radial root hydraulic solver.

The next step of this master’s thesis will be to perform sensitivity analysis of
the influence of secondary growth features on water flow, by linking GRANAR and
MECHA. This will open the gates for new applications, e.g. include the new version
of GRANAR into VIPER, the virtual phenotyping pipeline for root hydraulic traits, to
study the influence of local anatomical and hydraulic parameters on global plant
water dynamics.
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Appendices

Appendix 1 : Hoegland nutritive solution

Component
KNOs3 [2M]
Ca(NO03)2 x 4H20 [2M]
NH4NO3 [1M]
Minors :
H3BO3
MnClz x 4H20
ZnS04 x 7H20
CuSO4
H3Mo00O4 x H20 or
NazMo04 x 2H20
KH2PO4 [1M]
Iron (Sprint 138 chelate)

Concentration
202g/L
472g/L

80g/L

2.86g/L
1.81g/L
0.22g/L
0.051g/L
0.09g/L
0.12g/L
136g/L
15g/L
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How do root anatomy influences
water uptake in tomato?

Updates of protocols and computational tools
for the characterization of tomato root anatomy

Marco D’Agostino

Understand the role of plant traits in water uptake is crucial in a climate
change context, where droughts that impact crop production are expected to be more
frequent and more severe. At the microscopical scale, root anatomy plays a major role
in water dynamics. Thus, coupling anatomical traits with architectural traits in
phenotyping processes might improve our understanding of water-saving strategies
in plants.

However, anatomy is difficult to study with high throughput due to its
microscopical scale. New tools and protocols have to be developed to enhance the
quality of anatomical modelling, and to integrate anatomy into plant-scale
simulations. More specifically, computational tools might help investigate the
influence of anatomy on water flow with higher throughput than experimental
techniques.

In this master’s thesis, we updated GRANAR, a generator of root anatomy, by
adding a secondary growth module. For that, we used tomato as model plant. We
grew tomato in hydroponics, monitored architectural parameters, and explored
tomato root anatomy. Staining techniques were tested and applied, and a protocol for
quantifying the root anatomy was built. Tomato root anatomy was characterised, and
maturity stages along the tap root were investigated.

With the collected data, we implemented and validated the new R function
Pack Xylem, that is integrated in the code of GRANAR and allow the generation of
anatomical secondary growth patterns. The virtual cross sections generated with this
new module are compatible with a solver of root hydraulic anatomy (MECHA).

The new tools and updated protocols of this work open the gates for new
applications, e.g. include local anatomical and hydraulic parameters in simulations of
water dynamics at the plant scale.
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