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PART 1

INTRODUCTION &
OBJECTIVES






In this first part, we shortly introduce the
theme, the objectives and the context of
the thesis. The different objectives are for-
mulated through research questions and
methodological goals. As a follow-up, the
different limitations and boundary condi-
tions of the objectives are summarized.
The last section in this first part offers
the background concepts related to most
of the raised topics in this thesis.

Leci n-est nas une fufie.

La Trahison des images (English : The
Treachery of Images) —

MAGRITTE

The map is not the territory, the word
is not the thing it describes. Whenever
the map is confused with the territory, a
semantic disturbance’ is set up in the or-
ganism. The disturbance continues until
the limitation of the map is recognized.

ALFRED KORZYBSKI






INTRODUCTION

00T SYSTEMS achieve important functions for the plant. One
R of these key functions is the absorption of water from their sur-
roundings. This passive process is driven by the diffusion of vapor
at the stomata openings and the cohesion-tension principle (Steudle,
2001). The loss of water at the stomata increases the tension over
the water column which propagates through the plant and reaches
the rhizosphere. The resulting transpiration allows the diffusion of
carbon dioxide into the leaves and the synthesis of new carbohydrates
by the plants.

In many locations, plants are frequently exposed to water limita-
tion due to insufficient rainfall and available soil water, which then re-
stricts crop yield. In the context of climate changes, drought episodes
will have an increasing variability from year to year (Harrison et al.,
2014)). There will also be an increasing likelihood of experiencing
water deficit at key phenological stages. In regions with low rainfall,
water limitation is often described as the most limiting abiotic factor
for crop production (Sinclair, [1994), and even more so when it im-
pacts the development of yield establishing stages (Fuad-Hassan et al.,
2008)).

For any specific pedo-climatic conditions, the efficiency of a plant
to grow and produce depends on a set of traits that are adapted to the
facing environmental conditions (Tardieu et al., 2018). Within plant
diversity, some phenotypic traits have already shown their usefulness
when it comes to being efficient even under water limiting conditions
or drought stress. For example, plant transpiration regulation mech-
anisms, leaf growth, rooting depth or temporal adaptation are traits
that are selected by breeders when plant resistance to drought is will-
ingly aimed.

However, large root traits selection has been avoiding the spotlight,
even if they fulfil the major water uptake function. The major difficul-
ties being the soil, which prevent the direct experimental observation
and access to the roots. Although new methods (e.g. shovelomics)
start to scratch the surface of this underground world, it gathers few
yet important structural traits at the top of the root system (Trach-
sel et al., [2011)). As traditional ways get bogged down to measure



root traits in large scale and at lower scale, modeling tools might
help us understand the intricacy of the root water uptake function
and provide insight for root traits base selection (Passot et al., [2019;
Rellan-Alvarez et al., 2016).

The co-localization of roots and soil water is typically considered
as determinants for water uptake (de Dorlodot et al., [2007; Man-
schadi et al., |2006). Nonetheless, root system architecture by itself
does not simply define the water uptake pattern. Root systems form
networks that have a typically low hydraulic conductance (Kramer,
1938; Steudle, 2000)). And their hydraulics is crucial, because it de-
termines the intrinsic capacity of the root to absorb and transport
water. The full comprehension of the root ability to uptake water
requires the fine knowledge of the root architecture and its hydraulics
as a whole. Recent works aimed at better understanding the role
of anatomy (Chimungu et al., 2014b; Rieger, and Litvin, [1999), cell
hydraulic properties (Couvreur et al., [2018; Javot, and Maurel, 2002),
or soil hydraulic properties (Carminati, and Javaux, [2020) over the
root water uptake. Yet, there is still a lot to discover about the com-
bined effect of root anatomy with the cellular hydraulic properties on
the root system hydraulic conductance. Although, the development
of new computational models at the cellular, and at the plant scale
provide new investigation tools to unravel water flows in this below
ground world. A full behavioral study linking the anatomy with the
cell scaled hydraulic properties on an evolving root system has great
research potential.

Note about the thesis structure

This thesis is a compilation of published and unpublished work. To
improve the coherence of this manuscript, the different sections are
modified versions of their original part. Some repetitions might still
occur from one chapter to the other, I hope that it will not disturb
too much the reading of the whole document.



Maize: a model plant

The selection of the maize plant (Zea mays) as the model plant to
conduct this thesis was based on the following criteria:

Maize has an important share on global crop production (OECD-
FAO Agricultural Outlook|[2022)).

Maize plants have been extensively studied and the scientific
literature covers almost every aspect of the maize physiology,
morphology, genetics, etc.

Maize is severely sensitive to drought events during the flowering
time (Fuad-Hassan et al.,|[2008; Herrero, and Johnson, [1981).

Maize roots are thicker than those of most cereal crops which
makes them easy to observe and quantify.

Several research groups in the direct lab neighborhood were
already working on maize when the project started.

Maize plants quickly develop a large leaf area and display, there-
fore, an important transpiration.






OBJECTIVES

General objectives

Being able to estimate the impact of specific traits and their interaction
on the plant absorption dynamics could provide good insights for
future plant choice in a changing climatic world. In this brief context,
the main question that has driven this thesis is:

Which sets of root hydraulic traits could theoretically increase
the root water uptake of maize (Zea mays) in specific environ-
ments?

Thus, phrased differently, the objective of the thesis is to estimate
the hydraulic behavior of different maize (Zea mays) plants
in virtual environments, going from the organ scale to the
plant scale, using modeling tools. This would lead the way to
explore the root traits diversity in specific pedo-climatic conditions.

In order to achieve this objective, new tools and models were re-
quired to (I) quantify the contribution of the different root anatomical
traits on the root hydraulic conductivity, (II) estimate the hydraulic
conductivities of different root types and map the hydraulic on root
systems, and then (III) quantify the contribution of the different
root anatomical and hydraulic traits on the evolution of the water up-
take rate over a period of time depending on specified pedo-climatic
condition.

The articulation between those different requirements is schemati-
cally represented in Figure to respond to the main objective.

Specific objectives

Root anatomy and radial hydraulic conductivity

Root hydraulic conductivity is a limiting factor along the water path-
ways between the soil and the leaf. It is defined by subcellular hy-
draulic properties and anatomical traits. However, little is known
about the effect of the different anatomical traits and subcellular hy-
draulic properties on the radial hydraulic conductivity. The main

9
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Figure 0.1: The different viewpoints over the general objective and their en-

tanglement in their general context. (1.) The anatomy with the root hydraulic

conductivities; (2.) The root system hydraulic architecture with the inclusion of

1; and (3.) The evolution of a root system hydraulic architecture in a specified
pedo-climatic environment.

reason is that quantifying the root radial hydraulic conductivity re-
mains challenging. It is experimentally time consuming to measure
and not always possible depending on the experimental setup.

Related research objectives

At the organ scale, the first specific objective is therefore to better
understand the functional importance and diversity of root hydraulic
anatomiesEl in maize plants (Zea mays).

1Hydraulic anatomy: At the root cross-section scale, the hydraulic anatomy
corresponds to the combination of the subcellular hydraulic properties and the
cells structural network and geometry.

10



Related methodological objectives

Due to the restrictive ways to measure root radial hydraulic conduc-
tivity experimentally, modeling tools can help us get a glimpse of
the effect of different root traits over the root hydraulic conductivity.
The Model of Explicit Cross-section Hydraulic Anatomy (MECHA)
(Couvreur et al., 2018) allows the estimation of the radial hydraulic
conductivity of any root root cross section if the cellular network of this
root is available. However, there are no computational models that
allow to generate such root cross section networks. The first require-
ment of the thesis was to build a structural model of root anatomy to
generate root cross-sections in order to estimate their radial hydraulic
conductivity with the model MECHA. This structural model will
be able to generate rapidly root cross-section networks that enable
us to change their anatomical traits at will. In addition, the input
parameter will be easy to extract from root cross section images or
pre-existing root anatomical data sets.

Secondly, from a representation of an average root cross section,
changing one root anatomical trait at the time will increase our un-
derstanding about the effect of each anatomical trait individually over
the radial hydraulic conductivity.

In addition, machine learning algorithms are often an opportunity
when simulated data can be used to train and validate them (Lobet
et al., [2017). Considering we simulate enough root cross sections and
have enough estimations of their radial hydraulic conductivity within
a known range of variation, it will then be possible to speed up even
more the process of evaluating the root radial hydraulic conductivity.
This will require a fine knowledge about the impact of each anatomical
trait and subcellular hydraulic properties.

<@ CHAPTER [2] | CHAPTER

Mapping the root hydraulic properties on a root
system

Root system hydraulic architecture can be described as the combina-
tion of the root system structural architecture, as well as their related
age dependent root hydraulic properties. Even though new and old
techniques exist to characterize root hydraulic properties, they are
very complicated to apply at the required scale. Therefore, analyzing
the hydraulic architecture of a single plant relies on heavy technical
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procedures. As a result, the effect of anatomical traits and the develop-
ment time of hydrophobic barriers on the whole root system hydraulic
architecture are often overlooked in root water uptake studies.

Related research objectives

At the root system scale, the second specific objective is to better
understand the impact of the root anatomical traits, as well as the
development of hydrophobic structure on the overall root system hy-
draulic architecture.

Related methodological objectives

There is a need for a new method which captures the changes of
anatomical traits and hydrophobic structure between root types of a
root system. Root cross-section images are relatively cheap in terms
of time and expertise to obtain. Those images can provide anatomical
traits data and developmental information about hydrophobic barriers
and meta-xylem maturation to further study their impact on the
overall root system conductance. By combining anatomical data and
computational models, root cross-section images can be turned into
detailed maps of root systems hydraulic properties.

<@ CHAPTER [

Root system and water uptake dynamics

When assessing the performance of a root systenﬂ in a pedo-climatic
environment, the root system hydraulic properties are needed as they
are particularly good indicators of the root water uptake efﬁciencyﬂ
Across the growing season, they will help define the ideal root water
uptake strategies adapted to the local environment. However, if we
want to understand the evolution of the impact of local root traitsﬁ
over the plant performance dynamics, their quantification is often the
main constraint. The global root system hydraulic behavior is directly

2Root water uptake performance is related to the total water taken up by
the root system in comparison to the other root system in the same environment
and at the same timing.

3Root water uptake efficiency is defined, in this thesis, as the cumulative
root water uptake [cm?] per unit of root volume [cm3].

4Local root traits are the quantification of elements at the root cross-section
scale or below (ex: the meta-xylem area [mm?], the root cell membrane perme-
ability due to aquaporins [em hPa~! d~1], the average double cell wall thickness

[um], ...).
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dependent on the overall root system architecture and the correspond-
ing local hydraulic properties. While local hydraulic properties depend
on the root anatomy and subcellular hydraulic properties, all these
aspects are interconnected with the soil water availability and the root
system architecture. All these interactions across the growing season
will affect the plant water absorption dynamics.

Related research objectives

The third specific objective, sum up the different viewpoints previously
addressed. On a multi-scale level, this objective aims at better under-
standing the role of anatomical traits, subcellular hydraulic properties,
and the development rate of hydrophobic barriers and meta-xylem ves-
sels over the global root system hydraulic behavior.

Seeking out which root traits and within which range could make
a phenotypeﬂ capable of high cumulative water uptake. A related
question is to quantify the cumulative root water uptake per unit of
root system volume. This will scale the quantity of water taken up by
the plant with a proxy of the amount of carbon invested in the root
system.

An additional question will be to further investigate if maize lan-
draces are locally adapted to their regional pedo-climatic environment.
If so, does root system architecture and root anatomy explain the re-
gional fitness of landraces in their native location?

Related methodological objectives

In order to simulate a growing root system with a set of specific local
root traits in specific pedo-climatic conditions, we needed to build
a modeling pipeline for this purpose. This pipeline will require the
combination of computational models that are able to simulate the
different parts of our system. This series of models will then allow us
to observe the global root water uptake dynamics related to specific
root trait combinations in any given soil with specific environmental
conditions.

First, we focused the analysis on the local root traits, a selection
was made on one environment, one root system architecture and three
soil types. The selection of a high evaporative demand environment
ensures that the root system will be the limiting factor, increasing

5Phenotype represents the state of the expressed traits of a genotype in a
given environment.
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the chance of revealing certain root traits with high impact on the
root water uptake dynamics. The choice to work with three soil types
might expose differences between sets of root traits that maximize the
cumulative root water uptake. The underlying hypothesis is that high
cumulative transpiration is in general positively with a high biomass
production. To ensure that we highlighted the root anatomical trait
combinations, we worked with only one root system architecture to
reduce the architecture effect (which was not directly investigated
here).

Once the modeling pipeline was built, a global sensitivity analysis
will be performed to test the percentage of the variance explained
by each local trait and the total effect with all interaction processes
involved. With enough samples, an uncertainty analysis will also
highlight a certain range for different root traits. This will result in
high probability of narrowing phenotyping states which perform well
and are efficient to take up water for the different soil types.

Secondly, we will study the performance of in silico landraces
in their environments of origins. For that, we will need to be able
to adjust the modeling pipeline and make sure that it works with
various root system architectures and increase the range of possible
soil hydraulic properties to match the one of the environments of
origins.

<@ CHAPTER [5| | CHAPTER [6]
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Limitations

To address the objectives of this thesis and develop the different tools
required to answer our research questions, simplifying assumptions
were needed. The most critical biological processes that were not
included in the thesis are listed below, so the readers can have an
unbiased interpretation of our results. These limitations will be dis-
cussed across the manuscript and more specifically in the Discussion
Chapter [7]

On root representation

To study the root water uptake function at the root organ scale, the
scope of the analysis was narrowed down to the root cross-section level.
This choice comes from the fact that water fluxes through the roots
are divided into two components when simulating root water uptake.
There is the radial flux of water from the soil towards the vascular
system, and secondly, the axial water transport, which is assumed to
take place only within the xylem vessels.

The used models of water flow across root tissues (MECHA) as-
sumes uniform cell properties per cell layer and possible variation of
osmotic potential between cells. The current version of the model is
dimensionally reduced with no temporal feedback on the cell activ-
ity nor true 3D representation of the root organs. Furthermore, the
soil water is uniformly distributed around the root cross section and
considered as free water directly available to the plant.

On the plant representation

In this study, plant phenotypes are assumed to depend on their hy-
draulic architecture which changes over time. They are also consid-
ered to have constant phenes states. This means that root traits are
unchanged during the whole duration of the simulation. Therefore,
plant plastic structural responses to environmental stimuli are not
encompassed within the framework of the thesis.

Roots are considered as semipermeable membranes, as only certain
molecules can pass through (here, only water). This captures the
process of transverse water flow in the absence of osmotic potential.
Processes such as the solute ”diffusion-convection” are too complex at
larger scales and may generate a non-linear response of water across
the different compartments involved (Couvreur et al., 2018)) and are
not considered here.
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The shoot part organs of the plant are simplified to the most
functional point of view with almost no structural aspects. The ”big-
leaf” approach has the consequence that all plants share the same
canopy properties, which include the stomatal density, the leaf area,
and the stomatal closure regulation. Drought is also assumed to be
non-lethal for the plants. Finally, plants did not have any hydraulic
capacitance.

On the environment

In this thesis, the soil was approximated as a homogeneous media fol-
lowing the single porosity model of van Genuchten-Mualem (Siminek
et al., |2008; Van Genuchten, [1980). The main axis on which water
flow was estimated was the depth axis. This 1-D approach was bal-
anced by the inclusion of a simplified soil zone within root influence
into our model pipeline. This was part of a trade-off between com-
putational speed and accuracy. However, all inflow and outflow of
water happened vertically with no horizontal dispersal due to canopy
coverage.

On the plant-environment interaction

Although, there was no feedback between the soil water availability
and the root development, nor the root subcellular hydraulic proper-
ties, the hydraulic conductivity of the soil zone within roots influence
was partly function of the root length density and the soil hydraulic
properties.

Another biological process which was not included in this thesis is
the mucilage secretion by plants in the rhizosphere. It is known that
it changes the hydraulic properties in the zone (Kroener et al., 2018)),
but there is no simple model available, to our knowledge, to include
this mechanism.
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CONTEXT

1.1 Water flow in the soil-plant-air continuum

N THE LEAVES SURFACE, there are pluricellular structures
O called the “stomata” forming aperture in the epidermis. They
allow plants to exchange gases with the atmosphere. The two guard
cells of these stomata have to keep the aperture open, so the atmo-
spheric carbon necessary for plants to produce new assimilates can
enter (Gaastra, |1959). However, the plants also lose water through
those openings, due to large differences in water potential between the
atmosphere and the inner part of the leaves. This diffusion of vapor
out of the stomata generates a water potential difference between the
different parts of the plant, cascading down to the rhizosphereﬂ It
is equivalent to a pulling force, dragging water from the soil into the
roots and upward to the shoot part. This cohesion-tension principle
has been known for years (Bohm, [1893} Steudle, 2001; Tyree, [1997)
to be the driving mechanism of water transport in plants.

Thus, the difference of water potential drives the water movement
within the whole plant. However, since the resistance between the
soil water and the stomata is very high, the plant water potential
can become so negative that it triggers cavitation events inside the
vascular vessels, locally breaking the water column (Cochard, [2002).
Consequently, the plant may suffer wilt or perish unless it closes its
evaporating sites (Draye et al., 2010). More so, it is crucial for the
plant to maintain high relative humidity in the cells close to the
stomata to keep up the production of carbohydrates (Lawlor, and
Cornic, [2002)). The other functions provided by the transpiration are
a reduced excessive heating of the leaves and the transport of nutrients
from the soil through upper plant organs. Therefore, the trade-off
between water diffusion and atmospheric carbon acquisition is key to
a harmonious plant development.

IRhizosphere: soil zone within roots influence. Hereafter, defined as the
radius of the root extraction zone. Equal to the half-distance between roots
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1.1.1  Water limitation

The water limitation due to insufficient rainfall coupled with high
evaporating demand is frequently considered as the biggest constraint
to plant growth (Passioura, [2006]). To mitigate this problem, the spa-
tial and temporal synchronization of root and soil water is typically
considered as determinants for the root water uptake processes (de
Dorlodot et al., 2007; Manschadi et al., [2006]). However, root system
architecture does not simply define the water uptake pattern. The
ease with which water travels through the continuum is defined by the
hydraulic conductivity of each system element along the water path-
way (Tyree et al., |1994). The root hydraulic conductance provides
the intrinsic capacity of the root to absorb and transport water. The
uptake of water will occur at the places where the local hydraulic con-
ductances are high and if these regions are well connected to the plant
collar by conductive xylem vessels. In addition, when the soil water
near the root becomes limiting, the rhizosphere hydraulic conductivity
can decrease drastically and prevent the roots to take up more water
(Carminati, and Javaux, [2020; Schroder et al., [2009). Therefore, the
combined hydraulic conductance of the soil and the root system has
a major role defining the global water uptake ability.

Analogy of Ohm’s law

To express the water fluxes in a system with small capacitance, biolo-
gists have come to realize that it is dependent on the water potential
difference multiplied by the hydraulic conductance of the studied sys-
tem. At the whole soil-plant-air scale, the water flow rate in the
plant is similar to the electrical analogy of Ohm’s law. In this case,
expressed as:

J = (\Psoil - \Ijai'r) * Kspa (11)

where J is the total water flow rate [L3T 1], W,;, is the water
potential of the atmosphere [P], W, the bulk soil water potential [P]
and Ky, is the hydraulic conductance of the soil-plant-air continuum
[L3P~'T~1]. The order of magnitude for the different water potential
are detailed along the pathway in Figure

In general, the whole soil-root system hydraulic conductance is
low in comparison with the shoot-air system during the day when
soil water is abundant (Steudle, [2000]). The root system can represent
approximately 50% of the overall plant hydraulic resistance (Martre et
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-0.01 MPa -1 MPa -100 MPa

1 /Ksrs 1 /Kshoot
Water flow =

Figure 1.1: Order of magnitude for the water potential for three compartments
along the water pathway (soil, collar, air).

al.,|2001) (Figure. In addition, the soil hydraulic conductance can
also decrease to a point where the soil water is considered disconnected
from the root. This disconnection might minimizes water losses to the
dry soil by hydraulic lift. However, the soil act as the water supply
for the plant. Thus, the roots and the soil in its vicinity establish a
critical link in the soil-plant-air continuum. When the soil-root system
is considered to be the most limiting factor, it is possible to narrow
down the equivalent conductance term (Kjp,) to soil-root system one
(Ksrs)-

Leaf water status

At the leaf organs, the stomatal conductance defines how easily water
can exit the leaves and COs can enter the leaves. For an isohydric
plant such as maize (Zea mays), poplar (Populus euramericana), or
grapevine ( Vitis vinifera), when the stomata open, their conductance
can reach values around 0.2 to 0.6 molm~2s~!. Then, the leaf water
potential can drop from around -0.1 to -0.6 M Pa to reach around -1.4
to -1.8 M Pa after approximately two to five hours (Tardieu, |1993;
Tardieu et al., 2017, Villalobos-Gonzélez et al.,[2019)). In water deficit
scenario, the stomatal conductance will tend to decrease and it is
linked to an increase of the concentration of abscissic acid in the
xylem sap (McAinsh et al., [1990]).

1.1.2  Root system hydraulic architecture

Under the hood of the previous equation (Eq. , an incredibly
complex hydraulic network stands. Indeed, the hydraulic properties of
the roots and the soil are both highly heterogeneous, in space and time.
The root segments have different anatomies, hydrophobic barriers
and subcellular hydraulic properties that affect their radial hydraulic

19



conductivity (k) (Couvreur et al., |2018). The water content in the
direct vicinity of the roots defines the local hydraulic conductivity of
the soil which acts in series with the root radial hydraulic conductivity
(Meunier et al., |2018a). Axially, the size, and number of functioning
xylem elements, as well as the pit area and number per inter-vessel
connections define the axial hydraulic conductance (Wason et al.,
2021). Together, those radial and axial properties attached to each
and every root segment creates a network of hydraulic pathways that
connects every single roots to the shoot part. This whole network with
its hydraulic properties can be summarized into the concept of root
system hydraulic architecture (Doussan et al., [1998b; Landsberg,
and Fowkes, [1978; Meunier et al.,|2017a)). Among all possible paths,
the ones with the highest hydraulic conductance that connect the soil
to the shoot define the absorption sites. Consequently, the preferential
sites of root water uptake will also contribute to the heterogeneous
soil water potential distribution, and this is true even in homogeneous
soil water profile (Couvreur et al.,2012). To add up to the complexity,
the soil zone impacted by the root water uptake, the rhizosphere, has
no clear spatial boundary.

In soil, the water redistribution is a function of the hydraulic
conductivity tensor, the spatial distribution of matric potentials, and
the gravitational potential. In wet soil, plants can absorb water easily
from the pores and capillary around its roots. At that stage, the
pulling force required by the plant to take up the water is weak.
However, as the water is removed from the soil, the pulling force
needed to extract more water becomes greater due to a decrease of the
soil hydraulic conductivity. This decrease of the hydraulic conductivity
of the soil is a function of the water content, but also depends on the
soil type and structure, capillary sizes, the tortuousity and surface-
binding forces of the soil particles. The relationship between the soil
water content and the matric potential is called the retention curve.
In general, under wet soil conditions, the soil hydraulic conductivity
is greater than the root radial hydraulic conductivity. However, the
opposite occurs when the soil dries out, and the low soil hydraulic
conductivity can quickly become the limiting factor in the system
(Draye et al., 2010; Schroder et al., |2009)).

1.1.3  Xylem embolism and stomata regulation

Previously, the xylem cavitation was briefly mentioned with the dra-
matic potential consequences on the water pathway within the plant.
However, the xylem embolism phenomenon remains low in leaf veins,
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even when plants experience water stress symptoms. The pit areas
within inter-vessel connections can reduce the vulnerability of these
sites. In addition, the xylem network organization can reduce the em-
bolism spread beyond individual vessel air-seeding thresholds (Wason
et al., 2021)).

Furthermore, stomatal regulation contains cavitation to a mini-
mum (Cochard, [2002)). Depending on the plant and its sensitivity,
the leaf water potential can be maintained constant (isohydricity) or
not (anisohydricity). This regulation of the stomatal conductance is
a passive process through the guard cell dehydration but can be over-
written with hormones signaling in an active response (Brodribb, and
McAdam, [2017). However, the theory that transpiration is limited by
the xylem vulnerability is challenged by the soil hydraulic conductiv-
ity loss that occurs when drought episodes happen (Carminati, and
Javaux, 2020). Much is still to be unraveled, and more so as hydraulic
properties are difficult to measure experimentally.

1.2 Complex root system hydraulics architecture

The complexity of the soil-plant continuum limited our quantitative
understanding of the role of root system hydraulics. For the last two
decades, computational models have been developed in that regard
that can possibly bypass some experimental limitations and help us
estimate root water uptake (Passot et al.,|2018; Pierret et al., [2006)).
Today, state-of-the-art Functional-Structural Plant Models are able
to numerically simulate water movement in the soil-plant-atmosphere
continuum from the root uptake location to the shoot parts, such as:
R-SWMS (Javaux et al., [2008]), ROOTMAP (Dunbabin et al.,|2013)),
or OpenSimRoot (Postma et al., 2017). The drawback is often the
simulation time. As the window of interest is wide (both in space
and time) and the asked resolution is high, the simulation time can
increase greatly.

One of the potential new techniques to reduce the computational
time is to use models that work with mixed dimensions, such as in
Koch et al., |2021. They used geometric parameters as a metric to
encompass the zone of influence of the roots in space. This reduced
the mesh resolution near the roots and decrease the computational
costs. This type of resolution offers, for the resolution of complex
soil water flow in 3D space and non-linear equations, an increase in
accuracy and in efficiency.
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As our understanding of root water uptake increased, some con-
cepts emerged to better describe the potential hydraulic dynamics of
the plant. From complex root systems, we were able to reduce part of
their hydraulic properties into some simpler variables, so-called macro-
properties. These macro-properties reflect a mathematical need to
quantify water uptake processes. More so, each macro-property re-
flects a dimension of the whole soil-plant water dynamics. The use of
macro-properties are useful, simply to display a component of the root
water uptake, or as upscale variables for models working on different
scales (Couvreur et al.,2012). These models working with macro hy-
draulic properties linked to organ scaled models are potentially useful
instruments for virtual breeding (Meunier et al.,|2020). They allow re-
searchers to investigate the performance of any desired combination of
plant traits within any environmental condition, including contrasted
pedo-climatic scenarios (Chapman, [2008)).

1.2.1 Macroscopic root water uptake models

On the plant scale, the emergence of concepts such as hydraulic ar-
chitecture makes the understanding of plant complex water uptake
dynamics simpler. The macro-hydraulic properties have the advantage
to implicitly take into account the whole root system hydraulic archi-
tecture and to be defined at the plant scale (Couvreur et al., [2012)).
As they are a full integration of the root system hydraulic architecture,
they rely on an implicit understanding of organ scaled hydraulic prop-
erties. Here, the so-called micro-hydraulic properties are the radial
hydraulic conductivity and the axial hydraulic conductance. Both are
defined by the hydraulic anatomy of the roots (Couvreur et al.,[2018)).

To clarify the scope of macro- and micro-hydraulic properties, a
list of the most used ones in this thesis is detailed below:

1.2.2  Macro-hydraulic properties
Root water uptake rate

When the points of interest are below ground, the concept behind
the transpiration rates of a plant is shifted towards the soil. In such
situation, the root water uptake rate corresponds to the amount of
water which can be taken up by the root system and reach the plant’s
collar. In simulation, water dynamics are usually split into two con-
cepts: the potential and the actual root water uptake rate: RWpq
vs. RWgcr. Where the RWp,; is the maximum amount of water flux
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allowed by the root system, and the RW,; is the actual water flux
at the collar. To clarify the differences and nuances, for the root
water uptake rate variables used in the manuscript, these terms are
explained below through two equations. The equivalent root system
hydraulic conductance K, refers to the ease with which water can be
taken up by the whole root system [L3P~1T—1].

On the one hand, RW),: is expressed as:

RWpoy = AV # K, (1.2)

where AW is the largest possible water potential difference between a
wet and uniform soil water profile, and the plant collar. The hypothesis
that we took is that, in this scenario, soil water is at -0.01 M Pa and
the leaf water potential is at -1.5 M Pa. This corresponds to a well
watered soil and high evaporative demand. The water potential within
the plant collar was approximated as the leaf water potential. This
would hold true if shoot hydraulic conductance was very high (which
is often assumed to be the case for small plants).

FEquivalent soil-root system hydraulic conductance

On the other hand the RW,; differs by the AW which here corresponds
to the actual water potential difference between the soil and the plant
collar. In addition, while the K., is a variable that integrates the root
system hydraulic architecture, it is decoupled from the soil hydraulic
conductivity. As such, it is not able to take into account strong water
potential gradients around the roots (which could arise in a situation
of high evaporative demand). To counteract this limitation, K,s can
be changed to the equivalent soil-root system hydraulic conductance
(Ksrs), that integrates the soil matrix in the direct influence of the
root system and its related hydraulic properties. This resulted into a
new similar equation:

RWact = (\I’bulk soil — \chol) * Ksrs (13)

Where ¥,,; is the water potential at the collar, and W,k soir iS
the water potential of the bulk soil.

It should be noted that, although the K, integrates the hydraulic
conductivity of the soil zone within the influence of roots as well as
the root system, it does not show the ability of the root system to
adapt its uptake distribution in response to an heterogeneous soil
water potential distribution.
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Standard Sink Fraction

The Standard Uptake Fraction (SUF) represents the relative distri-
bution of root water uptake in a uniform soil water profile, based
on the root system hydraulic architecture. In the whole soil domain,
the SUF is extended and called the Standard Sink Fraction (SSF').
Therefore, the SSF accounts for the normalized distribution of the
sink term when the soil water potential is uniform.

The compensatory root water uptake conductance (Kcomyp) can be
linked to the notion of the SUF (Couvreur et al., 2012). The Keomp
[L3P~'T~1] provides a new compensatory conductance term which
splits the relative distribution from the uniform soil water scenario to
what happens in a heterogeneous soil water profile. The K,y can be
use in the following equation, which allows the estimation of the radial
flux at the different root segments. In extreme case of compensatory
water uptake, it brings an insight on the hydraulic lift phenomenon
(i.e. water redistribution into the soil by the root system).

Jr,i = RWact * SUE + Kcomp * (W‘g/"-,i — \IJ&eq) * SUFZ (14)

where J,.; is the water uptake of the root i-*" segment [L3T 1],
SUF; is the water fraction taken up by the i under uniform soil water
profile, U, ; is the water potential at the root soil-root interface, and
W, cq is the equivalent soil water potential felt by the plant.

FEquivalent soil water potential

The equivalent soil water potential is defined as the weighted-mean
water potential of all soil-root interfaces or alternatively expressed as:

N
U, o = Z U, * SUF; (1.5)

i=1

1.2.83  Micro-hydraulic properties
Radial hydraulic conductivity

Our understanding of radial water flow through the root cross sections
follows the composite transport model of Steudle, and Peterson (1998)).
It is a combination of cell-to-cell and apoplastic water movement fol-
lowing a set of paths that offers the highest hydraulic conductance.
The radial hydraulic conductivity is thought to be an important lim-
iting factor to the water uptake. The hydraulic conductivity of the

24



root is primarily determined by the overall structure of the root cross
section anatomy and the development stage of the organ. In parallel,
anatomy and development stages are subjected to genetic and environ-
mental background. The recent evidences of this laid in the diverse
root anatomical traits found within species such as maize (Burton
et al., 2013b; Tai et al., |2016) or cassava (Bomfim et al., [2011) and
between species (McDonald et al., [2002)) and biomes (Ma et al., [2018;
Yamauchi et al., [2021)).

The way these ranges of root traits influence the root radial hy-
draulic conductivity (k,) is being actively researched. A series of
anatomical traits have already been shown to impact k.., such as the
number of cell layers in the cortex (Chimungu et al., 2014b)), the size
of cortex cells (Lynch et al.,2014]), the presence of aerenchyma (Cuneo
et al., |2016; Schneider et al., 2017)) or potentially the ratio between
different root tissue areas (Yamauchi et al., [2021). On the hydraulic
side, the k, is influenced by the expression and localization of water
channels (aquaporin) (Hachez et al., [2006; Javot, and Maurel, 2002),
the formation of hydrophobic barriers (Enstone et al., [2002) or the
conductivity of plasmodesmata (Couvreur et al., [2017).

Generally speaking, cell hydraulic properties are assumed to con-
trol the short- or medium-term response by the plant over the radial
hydraulic conductivity, while the anatomical traits are assumed to
be associated with the long-term response (Vetterlein, and Doussan,
2016)). As such, root anatomy defines the baseline for the root radial
and axial hydraulic properties.

MECHA

At the root cross-section level, Couvreur et al. (2018) developed
a mathematical model that computes the flow of water across the root
whole root cross section (MECHA). As it works at the scale of walls,
membranes, and plasmodesmata of individual cells, it unlocks the
possibility to analyse the influence of cell-scaled hydraulic properties
on the k,.. For example, the use of the model pinpointed that root
k. might be very sensitive to the size and structure of plasmodes-
mata, despite their low hydraulic conductance. MECHA, and its two
transverse spatial dimensions, allows accounting for cell placement,
aerenchyma lacuna or the locations of xylem vessels that could dis-
turb the water flow rates across the root. As a result, this model
requires an accurate representation of the cell arrangement in the root
cross section (a ”.xml file” formatted according to CellSet standard of
Pound et al.) in order to estimate the radial fluxes of water across it.
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Different hydraulic scenarios can be estimated with the model, such
as the ones with an endodermal Casparian Strip, or with a suberized
endodermis, with passage cells, etc.

The digital segmentation of the root cross section is a limitation
to the use of such a model, as it is time-consuming. Consequently, in
combination with a root anatomy generator, MECHA could possibly
open the way to systematically analyse the functional properties of
a large number of root anatomical traits and cell-scaled hydraulic
properties.

Awxial hydraulic conductance

Most of the plant water transport over long distances takes place in
the vascular network formed by the xylem vessels. These dead cellular
structures in rows are similar to hydraulic pipes. Hence, the root
axial hydraulic conductance (K, [L*P~1T~1]) is often calculated with
the Hagen-Poiseuille law. Therefore, it is possible to obtain K, with
the sum of the individual contribution of each xylem element to the
hydraulic conductance:

K. sz] Gl (1.6)

= .
o 80

where r is the radius of the i-th xylem vessel, and 71 the water dynamic

viscosity (+1m.Pa.s)

The onset of cavitation in the xylem is also thought to have an
impact on the root water uptake. The overall influence of the break-
down of some water pipe is that it increases the path length and the
hydraulic resistance of a root segment. Unfortunately, the vulnerabil-
ity curve, which describes the likelihood of xylem cavitation in terms
of the percentage loss of hydraulic conductivity as a function of xylem
water potential, are uncertain (Tyree, and Sperry, [1988)). They are
mostly described with probability function (Ogle et al., 2009).

1.2.4  Subcellular hydraulic properties

The hydraulic conductivity of a cell membrane can be divided into
two components. First, the part where water flow through the phos-
pholipid bilayer cell membrane accounting also for other compounds
at the exception of the aquaporins. Second, the contribution of the
aquaporins to the cell membrane permeability.
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Contribution of aquaporins to the cell membrane hydraulic
conductivity

Aquaporins are proteins from a very large family of intrinsic protein
(MIP) which are specialized in water transport. The subgroup PIPs
are the plasma membrane intrinsic proteins (Javot, and Maurel, 2002}
Johnson et al., [1989)). They can be regulated through different mech-
anisms. Hormonal molecules such as ABA, up-regulate aquaporin in
Maize, but others, such as auxin and Citokinin, down-regulate it (Hose
et al., 2000)). These proteins will then respond to the intercellular pH
and Ca’7 levels, phosphorylation, heteromerization, or reactive oxy-
gen species(Maurel et al., [2008; Tyerman et al., 2002). In response to
circadian rhythm, osmotic or water stress, these different regulation
pathways allow the plants to change their cell membrane permeability
rapidly. The regulation can also occur at a gene expression level. The
most expressed aquaporins in maize roots are the PIP2,5 proteins.
Radially, they are not uniformly distributed in the root cell layers,
and Ding et al., |2020| showed that they are mostly present in the en-
dodermis and the exodermis, which may be crucial points to regulate
water movement (Javot, and Maurel, 2002).

Cell walls

Cell walls are composed of cellulose, hemi-cellulose, pectin and pro-
teins which can change the hydraulic conductivity of these structure.
There is a potentially wide variation of hydraulic conductivity for cell
walls depending on the proportions and properties of the constituting
elements.

Usually, in the cortex tissue, the water flow is considered as follow-
ing mainly the apoplastic pathway. Therefore the hydraulic proper-
ties, which emerge of this complex medium, highly influence the water
movement through the apoplast.

Plasmodesmata

Plasmodesmatal pores are junction between cells, as they offer a direct
path between cell symplast, their individual hydraulic conductance
are the main factor for the cell-to-cell water pathway. The hydraulic
conductance of plasmodesmatal pores can be reduced by the deposition
of molecules, such as callose. These depositions on the neck regions of
the plasmodesma constrict the aperture, reducing the conductance of
such structure (Radford et al., [1998). Plasmodesmatal permeability
can also respond to change in cell turgor (Herndndez-Herndndez et
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al., [2020; Oparka, and Prior, [1992), and osmotic treatments (Schulz,
1995)).

1.2.5 Offset between the radial and azial hydraulic
conductivities along the root

The global root water uptake dynamics along the root are often de-
scribed with some level of compartmentalization. Along the roots,
the modification of value in the ratio between the axial and the ra-
dial hydraulic conductivities are associated with different functions
in terms of water uptake. Close to the tip of the root, usually there
are high values of k. and low K,. In this young part of the root,
the accumulation of hydrophobic molecules in the endodermis is often
segregated to some radial cell walls (i.e. Casparian strip, Figure .
In that case, apoplastic water flows are barely distributed, providing
many paths of least resistance to reach the endodermis. Once inside
the stele after crossing the endodermis cell layer, the only functioning
xylem vessels counting are the small ones in the perimeter of the outer
stele boundary (Cornelis, and Hazak, |2021; Steudle, and Peterson,
1998).

Further away from the root tip, as hydrophobic substances tend to
accumulate in specialized tissue layers, the k, decreases. Meanwhile,
the meta-xylem living cells die and open-up as large water channels
with several orders of magnitude higher axial hydraulic conductance
(Figure . However, the xylem vessels network is not a simple
succession of capillary tubes. Pit membranes at the interconnection
of the different cells play an important role for the integrity of those
structures (Wason et al., |2021) and can reduce the axial hydraulic
conductance. In addition, the xylem vessels undergo a postmortem
lignification (Pesquet et al., |2013) which adds up to this integrity.
Thus, the younger part of the root is often considered as the root zone
where most of the absorption happens while the older part is associated
with the axial water transport. The offset between the maturation of
hydrophobic barriers limiting the radial pathway and the maturation
of the meta-xylem is therefore a major factor influencing the root
water uptake capacity (Sanderson, |1983)).

1.3 Non-unique site-specific eco-ideotypes

Beyond the hydraulic consideration and root placement in the 3D
space, these roots must be produced at some point, and most of their
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Figure 1.2: Offset between k, and K, along the root. Conceptual representation

of the variation of radial (k,) and axial (K,) conductivities due to the maturation

of hydrophobic structure (dashed red lines = Casparian strip; full red lines =

complete suberization of the cell walls) and the maturation of the meta-xylem
vessels (blue lines).

En,,+ Ex.

Time

Figure 1.3: The three main root maturation stages encompassed in the thesis
are represented on sliced root cross-section (schematic view). The cellular tissues
of the endodermis and the exodermis are highlighted in lighter ”green-blue” in
contrast to other cell types. En.s = Endodermal Casparian Strip; Eng,p, = suberin
deposition in the cell walls of the endodermis; Exz.s = Exodermal Casparian Strip.
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cells which compose them have to be maintained alive, so the roots
can keep fulfilling their functions. These production and maintenance
costs are resources which cannot be allocated to anything else, such
as for grain filling or for shoot biomass that are valued at the harvest.
The root system and its exudates are perhaps the major carbon sink
of the plant, as in some cases > 50% of all the photosynthates are
consumed by the root system (Lambers et al., 2002)). In addition,
Kong et al. (2021)) highlighted the pivotal role of the root radius, the
cortex cell size, as well as the number cortex cell layers for the carbon
consumption rate. For a single plant, the root system size is also
proportional to the root system hydraulic conductance. Hence, an
old root system has usually a higher hydraulic conductance than its
younger self. Something to keep in mind here is that these anatomical
structures and the root diameter also have an impact on the root
ability to uptake water, as detailed above in subsection It seems
that there is some relation between the carbon cost of a root system
and its ability to take up water. In pursuit of finding an efficient root
system that confers drought stress tolerance and/or avoidance, several
authors, such as Lynch (2013) for maize or Comas et al. (2013)) for
wheat, have proposed specific combinations of optimal phenotypes
that should minimize water limitations and potentially optimize yield
under scarce water conditions (Donald, [1968).

However, many root traits conferring drought tolerance present
dual effects as a function of water availability and climatic demand:
they can be positive in a wide range of drought scenarios and negative
under different drying conditions (Leitner et al., 2014; Tardieu, [2012;
Tardieu et al., 2017)). Furthermore, in many cases, impacts of specific
traits are studied alone and it is not always clear whereas it would
actually lead to improvement in field conditions, where several stresses
can occur at the same time.

Nevertheless, the development of new computational models at
the cellular, and at the plant scale provide new investigation tools to
investigate root water uptake dynamics on different levels. Even if
they seem disconnected, the macro- and micro hydraulic properties
are emergent properties from the models which link models together
and form a structured modeling network across scales. Therefore, this
association of models could be used to conduct performance study on
combinations of root traits in contrasted pedo-climatic conditions.
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1.8.1 Virtual phenotyping

For this specific task, Meunier et al. (2019) developed the Maize Root
System Hydraulic Architecture soLver (MARSHAL). The advantages
are that it allows the computation of the root system hydraulic conduc-
tance and other macro hydraulic properties in a matter of seconds for
a predefined pedo-climatic condition. It also includes age-dependent
radial and axial hydraulic conductivities and the fully explicit 3D-
root system architecture. Therefore, this tool has the ability to show
the root scale hydraulic traits which offers the desired functional root
water uptake dynamics. However, the root system architecture and
the soil water profile remain static in this case.

The missing parts to make a virtual assessment of plant hydraulic
behavior in contrasted pedo-climatic condition are: (i) some soil feed-
back as the plant growth; (ii) the evolution of the transpiration de-
mand, and (iii) an idea about quantification of the carbon cost. Thus,
coupling MARSHAL with models which account for these elements
could pave the road toward virtual phenotyping of any desired combi-
nation of root traits in any pedo-climatic condition. Hence, there is a
need to go deeper into the root traits selection. As mentioned, root
cellular arrangement and cell-scaled properties have a great impact on
k., K., but also the metabolic cost. Soil water models which include
the implicit macro hydraulic properties exist (e.g. Hydrus). A simplis-
tic transpiration demands of a plant can be quantified from weather
data through Penman-Monteith equations (Allen, and FAO, [1998]).
However, a systematic assessment of the functional implications of
different anatomical traits has never been done for water uptake.

Indeed, the in vivo quantification of k,. is usually performed using
a root pressure probe (Hose et al., [2000), which is experimentally
restrictive and hard to perform on soil-growth roots. In addition, it
is not amenable for large scale studies. This experimental restriction
creates a knowledge gap in the quantitative assessment of individual
components of the root cross section hydraulic architecture.

1.4 Conclusive remarks on the thematic
background

While the mechanisms of water flow are being uncovered, the highly
specialized network formed by the root system still holds many secrets.
Because knowledge is fragmented, integrated frameworks including
different scales are still needed to understand how plant root traits
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diversity can help us find better water uptake strategies for our crops.
This would help evaluate the potential impact of modification and
improve the understanding of phenotyping data.

1.4.1 Zea mays

As maize is the studied species, a few specifications are still necessary
to be clarified.

Maize susceptibility to water limitations

Maize is quite sensitive to drought, particularly during the reproduc-
tive phase, just before the flowering. In addition, the potential impact
of climate change over this species are pessimistic, with a possible
strong reduction of productivity (Jagermeyr et al., |2021). On the
opposite, in specific climate, maize phenological development could
accelerate and can have a positive effect on yield (Zydelis et al., [2021]).
In average, yield reduction varies between species due to water limi-
tation. Yet, the yield reduction is about +40% when the maize plant
is confronted with soil water deficit at this crucial phenotypic stage
(Daryanto et al., 2016]). The reason behind this, is the delay of the
anthesis-silk interval because of the reduced cell growth in silk apex
(Fuad-Hassan et al., [2008; Herrero, and Johnson, [1981)). The desyn-
chronization of pollen shedding and silking of maize results in a low
grain set (Struik, and Makonnen, |1992).

Maize roots system

The root system of maize can be divided into an embryonic and a
post-embryonic root system. The embryonic root system consists of
a tap root and a variable number of basal roots (also named seminal
roots). The post embryonic root system is made up of shoot-born
roots which emerge on the shoot nodes. If the node is below ground,
they are called crown roots. On average there are six underground
whorls, while above ground nodes are the production center of the
brace roots. The mean diameter and number of shoot-born roots per
whorls increase at higher nodes (Yang et al., 2019). All these major
root types are called axial roots in opposition to the lateral roots. The
lateral roots are often classed into two groups but Passot et al. (2018)
revealed more nuanced classification based on the elongation rate and
the diameter of the lateral roots.
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Figure 1.4: Representation of maize root system architecture. Each “N” stands
for a distinct node along the shoot part.

Maize root anatomy

Anatomically speaking, the maize root cellular organization is similar
to most monocotyledonous crops species. Radially, the cells are ar-
ranged by concentric cell layers for the most part. The central cylinder
is constituted of stele cell tissues with the differentiated meta-xylem
vessels spread at the perimeter of the cylinder (Figure . Usually,
two to three protoxylem strands, which alternate with primary phloem,
are arranged per meta-xylem vessel (Feldman, [1994). The pericycle
forms the outermost layer of the central cylinder. The following tis-
sue layer is the endodermis. Depending on the maturation stage of
the root, this endodermis tissue layer has the particularity of having
lignin and/or suberin deposition at its cell walls. These hydrophobic
molecules create barriers which impedes more the apoplastic water
movement. All these cell tissues constitute the whole stele. Beyond
this point, several parenchymatous cortex cell layers build up the root
radius, followed by the exodermis and the epidermis cell layer. The
exodermis cell layer can also have similar cell wall deposition prop-
erties to the endodermis. It can form a secondary wall of defense
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Figure 1.5: Shoot-born root of a maize cultivar B73 at 10 cm from the apex.
Created using the free hand cross-section method.

against apoplastic radial water flow. In the cortex layer, by apothosis,
cavities can replace living cells, merging and forming aerenchyma la-
cuna in rows. Cell walls remaining after the death of the cells are not
always recycled, which forms septa between the different lacuna. The
function of the aerenchyma is described as reducing the maintenance
cost of the roots, bringing oxygen down for the cell respiration and
potentially decreasing the k..
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ROOT ANATOMY &
FUNCTION









1.

CONTEXT

38

The second part of the thesis focus primar-
ily on the root cross-section level. First,
on a structural point of view, we will ex-
plore how does the anatomy impact the
root radial hydraulic conductivity? This
will be the foundation of the thesis, as it is
the establishment of the technique to esti-
mate the root radial hydraulic conductiv-
ity with modeling tools. This will require
the representation of the root anatomy
and the possible inclusion of subcellular
hydraulic properties.

Secondly, this new method will be applied
on a whole root system to propose a new
way of generating hydraulic atlases of root
system.

Thirdly, we will quantify the different ef-
fects of the anatomy and the subcellu-
lar hydraulic properties on the radial hy-
draulic conductivity using machine learn-
ing algorithm to fasten the estimation pro-
cess.

I am among those who think that science
has great beauty. A scientist in his labo-
ratory is not only a technician: he is also
a child placed before natural phenomena
which impress him like a fairy tale. We
should not allow it to be believed that all
scientific progress can be reduced to mech-
anisms, machines, gearing, even though
such machinery has its own beauty.

MARIE CURIE



GENERATION OF MAIZE
ROOT CROSS-SECTION
ANATOMY

This chapter is a modified version of a manuscript published as:

Adrien Heymans, Valentin Couvreur, Therese LaRue, Ana
Paez-Garcia, and Guillaume Lobet. GRANAR, a Computa-
tional Tool to Better Understand the Functional Importance
of Monocotyledon Root Anatomy. Plant Physiology, 2020.

ABSTRACT

00T hydraulic conductivity is a limiting factor along the water
R pathways between the soil and the leaf, and root radial conduc-
tivity is itself defined by subcellular hydraulic properties and anatom-
ical traits. However, quantifying the influence of anatomical traits
on the radial conductivity remains challenging due to complex time-
consuming experimental procedures. We present an open-source com-
putational tool, the Generator of Root Anatomy in R (GRANAR),
that can be used to rapidly generate digital versions of contrasted
monocotyledon root anatomical networks. GRANAR uses a limited
set of root anatomical parameters, easily acquired with existing image
analysis tools. The generated anatomical network can then be used
in combination with hydraulic models to estimate the corresponding
hydraulic properties. We used GRANAR to reanalyze large maize
(Zea mays) anatomical datasets from the literature. Our model was
successful at creating virtual anatomies for each experimental obser-
vation. We also used GRANAR to generate anatomies not observed
experimentally over wider ranges of anatomical parameters. The gen-
erated anatomies were then used to estimate the corresponding radial
conductivities with the hydraulic model MECHA (model of explicit
cross-section hydraulic architecture). Our simulations highlight the
large importance of the width of the stele and the cortex. GRA-
NAR is a computational tool that generates root anatomical networks
from experimental data. It enables the quantification of the effect of
individual anatomical traits on the root radial conductivity.
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2. MAIZE ROOT ANATOMY

2.1 Introduction

Root water uptake is influenced by a multiscale combination of struc-
tural and hydraulic properties (Lobet et al.,|2014; Passot et al.,[2019).
At the root system scale, the overall root architecture defines the
potential uptake sites within the soil domain. Hydraulic properties
of individual roots (radial and axial conductivities) further constrain
these uptake sites, thus establishing a global hydraulic architecture of
the plant (Meunier et al., |2017b). Changes in these local hydraulic
properties, which have a global influence, are thought to be an impor-
tant target in breeding programs for drought-resistant crops (Tardieu
et al., |2018).

At a finer scale, on the organ level, radial and axial conductivi-
ties can also be defined by hydraulic and structural properties. On
the hydraulic side, the radial conductivity (k) of a root segment is
influenced by the expression and location of water channels (Hachez
et al., 2000), the deposition of hydrophobic barriers (Enstone et al.,
2002), and the conductivity of plasmodesmata (Couvreur et al.,|2018)).
On the structural side, k, is influenced by anatomical traits, such as
the number of cell layers in the cortex (Chimungu et al., 2014b), the
size of cortex cells (Lynch et al.,[2014])), or the presence of aerenchyma
(Fan et al., 2007). Generally speaking, a plant controls its hydraulics
in the short and medium-term (Hachez et al., 2012)), and its structural
features over longer developmental timelines (Vetterlein, and Doussan,
2016)). As such, root anatomy defines the baseline for the root radial
hydraulic properties.

Root anatomical traits are diverse within species, such as maize
(Zea mays; (Burton et al.,|[2013alb} Tai et al.,[2016)), rice (Oryza sativa;
(Vejchasarn et al., [2016)) or cassava (Manihot esculenta; (Bomfim et
al., |2011)), between species (McDonald et al.,|2002; Wahl, and Ryser,
2000)), and in different biomes (Ma et al., 2018)). However, to our
knowledge, an assessment of the functional implication of anatomical
traits in water uptake properties has never been done in a systematic
way. Indeed, the in vivo quantification of radial and axial conductiv-
ities are usually performed with a root pressure probe (Hose et al.,
2000; Schneider et al., 2017; Schreiber et al., |2005)), which is experi-
mentally restrictive, because it is hard to perform on soil-grown roots
and is generally seen as a low-throughput procedure. This experimen-
tal restriction has hindered the investigation of the relation between
root hydraulic properties and anatomical traits.

Recently the development of a modeling tool of transverse water
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2.2. Material and methods

flow in roots from the subcellular scale, MECHA (model of explicit
cross-section hydraulic architecture), opened the way to the system-
atic analysis of the influence of anatomical and subcellular hydraulic
properties on k. (Couvreur et al., |2018). A remaining limitation of
the approach is that it requires explicit anatomical networks as input.
Such networks can be obtained by digitizing cross-section images with
semi-automated tools, such as CellSeT (Pound et al., [2012)). However,
that procedure is very time consuming for large datasets. Therefore,
there is a need for a high-throughput method of acquisition of root
anatomical networks (Passot et al., |2019)).

Here, we present a new computational tool, the Generator of Root
Anatomy in R (GRANAR), that can generate digital versions of mono-
cotyledon root anatomical networks. GRANAR uses easily accessible
anatomical traits as input. These tissue-scale parameters can be ac-
quired from open-access image analysis software and root cross-section
images. In combination with the model MECHA, GRANAR opens up
new possibilities to systematically analyze the impact of root anatomy
on hydraulic conductivity in a high-throughput fashion. GRANAR
has been validated using published datasets of maize anatomical data
and hydraulic measurements. GRANAR is an open-source project
available at https://granar.github.io/.

2.2 Material and methods

2.2.1 Description of the GRANAR model

GRANAR was developed in R and is available as an R package.

To create a network anatomy of a root cross-section, the GRANAR
model is based on the placement of the cell layers around the center
of the root. The model first places the innermost cell layer (the stele),
then progressively builds the root toward the outermost layer (the
epidermis). Coordinates of the cell center for each tissue type are
established as a function of the diameter of the cells that compose
the tissue. The cell type diameter is defined by the cell_diameter
parameter for each cell type. The parameter n_layers defines the
number of cell layers for each tissue type independently (Table .
The only exception is for the stele, where the number of cell layers is
calculated by dividing the diameter of the stele (layer_diameter) by
the stele cell diameter. To create a unique network for every run of
GRANAR, a random factor (randomness) adds a slight variation to
the coordinate of stele and cortex cell centers.
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Table 2.1: List of parameters used by the model to generate root cross-sections.

’ ‘ Tissues Parameters ‘ ‘
Stelar parenchyma Cell diameter Layer diameter
Central cylinder pith Cell diameter Layer diameter
Pericycle Cell width Number of layers
Endodermis Cell width Number of layers
Inner Cortex Cell width Number of layers
Mid Cortex Cell width Number of layers
Outer Cortex Cell width Number of layers
Exodermis Cell width Number of layers
Epidermis Cell width Number of layers
Xylem Cell diameter Number of meta-xylem  ratio
Aerenchyma Area proportion Number of lacuna
Root hair Length Number of root hair

Specific vascular tissue patterns are created depending on whether
the user chooses to simulate monocot or dicot anatomy. For monocots,
the xylem vessels of a defined radius (max_size) are placed at the
periphery of the stele. For dicots, the vascular blades are placed on
defined radius from the center to the last layer of the stele. The size
of the largest xylem element in the centrum is determined by the
max_size parameter. The other xylem elements along the vascular
blade have a decreasing size, which is proportional to the distance from
the center until it reaches the minimum size of a stele cell diameter
(Figure: 2.1)).

Once all cell centers are placed, the model creates the cell bound-
aries (cell walls). A voronoi tessellation of the cell centrums, using the
"deldir” package (Turner, 2019), creates the cell walls at mid-distance
between every cell center previously set. The epidermis cells do not
have any neighbor cells on the outer part. However, an outside layer
similar to the epidermis is created for the sake of the voronoi tessella-
tion, then removed once it is done. Once the tessellation is done, the
area of the different cells is then computed by the ’polygon’ function
of the “sp” package.
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2.2. Material and methods
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Figure 2.1: Overview of the methodology to create the vascular elements. A,

Monocotyledon stele cross-section. B, Dicotyledon stele cross-section. In both

(A) and (B), the stele cells inside the xylem border (dark blue) are removed to

create xylem cells, indicated by light blue arrows. The different parameters used

to build the root cross-section simulation are described in light blue shaded boxes
and indicated by double-headed red arrows.

2.2.2 Description of the GRANAR package

The GRANAR model is available as an R package. The package
contains the following functions:

e read_param_xml (path = “parameter_file.xml”)

Loads the parameter files that are under XML format and pro-
duces a data frame object with the information needed to gen-
erate a root cross-section with the function create_anatomy.

e create_anatomy (parameter = parameters,
path = “parameter_file.xml”)

Generates a root cross-section with a data frame containing
the needed parameter or calls the read_param_zml function to
load a parameter file under XML format directly. The object
returned by the function is a list containing four data frames:

— A nodes data frame with the coordinates of all points of
all the cells, their identity, and the information needed to
create the cell polygons.

— A walls data frame with the condensed information of all
cell walls.

— A cells data frame with the detailed information about the
cells: area, distance from the center, and their angle in the
cross-section.
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2. MAIZE ROOT ANATOMY

— An output data frame with details information for each
tissue.

e get_root_section (path = “cross_section.xml”)

Tmports the geometry information (the nodes data frame) about
root, cross-section from the file generated with GRANAR or
CellSeT.

e plot_anatomy (sim = obj, col = “type”)

Makes a figure which represents the given geometrical data. Ac-
cepted arguments for the col (color) parameter are 'type’, ‘area’,
‘dist’, "id_cell’ and ’angle’. Default = "type’.

e write_anatomy_rml (sim = obj, path = “simulation.zml”)

Saves the geometry information generated with GRANAR in an
XML file (the same output format as CellSeT).

It can be installed very easily on R thanks to the “devtools” package
(Wickham, and Chang, |2019) with the function:
install_github(“granar/granar”). The” granar” package relies on few
dependencies. These dependencies are: the “deldir” package (Turner,
2019), the “alphahull” package (Rodriguez Casal, and Pateiro-Lopez,
2010)), and the "retistruct” package (Sterratt et al., |2013). They
should be installed (e.g. install.packages(deldir)) before loading the
” granar” package.

2.2.83 Description of the MECHA-GRANAR connection

MECHA reads XML-formatted CellSeT data to load the geometry
information it needs to compute the radial conductivity. GRANAR
was built to generate outputs in the same format as CellSeT. There-
fore, the coupling of those tools is easily made and examples can
be found at this address: https://github.com/granar/granar_examples
[10.5281/zenodo.3068671]. The coupling is done by file exchange.

2.2.4 Description of the experimental data used for the
validation of maize (Zea mays) root anatomies

The Burton et al. (2013b) and Chimungu et al. (2014b) datasets
were produced using RootScan software. RootScan produces a range
of root anatomical traits, most of which are identical as the input
parameter for GRANAR. Nonetheless, a few transformations were
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needed to pass from RootScan output to GRANAR input. They are
summarized below in Table 2.2] In addition, some anatomical traits
were not calculated by RootScan. For instance, stele and pericycle
cells were assumed to have a diameter of 0.011 mm. The stele cell
diameter assumption was made by pooling known data (Couvreur et
al., 2018; Gao et al., 2015; Steudle et al., [1993). The endodermis and
the exodermis were also assumed to have the same diameter as cortex
cells, and epidermis cells were assumed to have a third of the cortex cell
diameter because RootScan does not distinguish differences between
those cell types. Additionally, epidermis cells were not accounted for in
the number of cortex layers in RootScan. In that regard only two cell
layers were removed to the cortex layer count of RootScan data in the
transformation procedure (Table . One last assumption was made
concerning the number of xylem vessels. Thanks to (Moreno-Ortega,
2016) data, which show a linear regression between the stele diameter
and the number of xylem vessels (Spearman correlation coefficient =
0.82, p value < 0.001), the number of xylem vessels was estimated
based on the stele diameter.

2.2.5 QOwerview of the methodology to transform RootScan
data into GRANAR parameters

Table 2.2: Function list used to transform RootScan data into GRANAR param-

eters.
H GRANAR Input Transformation RootScan Output H
Stele cell diameter (S.) 0.011 mm -
Stele layer diameter (S;) =24/ TfA — 2.5 Stele area (T'SA, mm?)
Number of meta-xylem (nX) =33 Li’A Stele area (T'SA, mm?)

Meta-xylem diameter (M X.)

24/ XL — 5. /2

nX.mw

Meta-xylem area (M XA, mm?)

Cortex cell width (C.)
Endodermis cell width (En.)
Exodermis cell width (Fz.)

- (/B -\ [mEyer

Cross-section area (RX A)
Number of cortex layer (C'F)

Epidermis cell width (Epc)

=C./3

Aerenchyma proportion (Pg)

Aerenchyma proportion (PA)
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The Burton et al. (2013b|) dataset used in this study included the
anatomical traits of 195 landraces emphasizing accessions from stress-
ful soil environments. The data are available in their Supplemental
Tables S1 and S2. The Chimungu et al. (2014b) dataset used in this
study was imported from their Supplemental Tables S3 and S4, which
were lists of genotype anatomical traits selected from the IBM (Inter-
mated B78 x Mo17) population and from the Malawi maize breeding
program.

The extraction of the anatomical traits from the Gao et al. (2015)
dataset was conducted with ImageJ software. The anatomical traits
gathered were exactly the same as the input parameters of GRANAR
except for units. The anatomical traits data used in our study can be
found in their Table 1. The aerenchyma traits of Gao et al. (2015)
were found in their Figure 8. The Gao et al. (2015) dataset includes
the anatomical traits of three root types of maize cv. Zhengdan958
exposed to a low nitrogen treatment.

To create the three replicates of each data point, three runs of
GRANAR were made and saved separately for each entry.

2.2.6 Description of MECHA hydraulic parameters

The simulation framework MECHA (Couvreur et al., [2018]) estimates
k, from the root cross-section anatomy generated with GRANAR or
CellSeT (Pound et al.,[2012) and from the subcellular scale hydraulic
properties of walls, membranes, and plasmodesmata. Cell wall hy-
draulic conductivity was set to 2.8 #* 1072m2s ! M Pa~!, as measured
by Zhu, and Steudle (1991)) in maize. Lignified and suberized wall seg-
ments in the endodermis and exodermis (Figure were considered
hydrophobic and attributed null hydraulic conductivities. The proto-
plast permeability (Lpe, 7.7 * 10~ "ms~ ' M Pa~') measured by Ehlert
et al. (2009) was partitioned into its three components: the plasma
membrane intrinsic hydraulic conductivity (k. ), the contribution of
aquaporins to the plasma membrane hydraulic conductivity (kagp),
and the conductance of plasmodesmata per unit membrane surface
(Kpp). The latter parameter was estimated as 2.4 10~ "ms~ 1 M Pa~*
(Couvreur et al., 2018), based on plasmodesmata frequency data from
Ma, and Peterson (2001)), and the plasmodesmata conductance esti-
mated by Bret-Harte, and Silk (1994). By blocking aquaporins with
an acid-load treatment, Ehlert et al. (2009) measured a kagp of
5.010""ms M Pa~'. The remaining value of k,, after subtraction
of kagp and kpp from L,. was 0.3 10~"ms~ ' M Pa~!. Each value
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of kn,, kagp, kpp, and L,. was set uniform across tissue types. For
details on the computation of k,., see Couvreur et al. (2018)).

2 : i

K, x10° [m MPa's']

Figure 2.2: Estimated evolution of the k, in main axes of the maize root system

derived from Doussan et al. . Top, kr as a function of distance from the

maize root tips. Bottom, the illustrations depict our assumption of the evolution of

main apoplastic barriers based on Enstone, and Peterson . The different lines

represent different levels of apoplastic barriers. 1: Endodermal Casparian strip

(dashed blue); 2: Endodermal suberization (red); 3: Endodermis full suberization
and exodermal Casparian strip (dashed green).

2.2.7 Statistical analysis

All statistical analyses were made using R (R Core Team, . No
distinction between the three datasets was made to compute the R
squared, the Pearson coefficient of correlation, and the p values in the
validation experiment. All ANOVAs were performed using the "aov”
function from ‘stat’ package. Correlation analysis was performed
using the “ggpairs” function from ‘GGally’ package.
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2.3 Results

2.3.1 Overview of GRANAR

The GRANAR model generates cell networks of root cross-sections
from a small set of root anatomical traits (Table. The root anatom-
ical traits can typically be gathered by using software image analysis,
such as ImageJ (Schneider et al., [2012), or with more automated
software, such as RootScan (Burton et al., [2012)), PHIV-RootCell
(Lartaud et al., [2014]) or RootAnalyzer (Chopin et al., |2015|). Briefly,
the anatomy generation process is based on the placing of cell layers
around the center of the root. The position and size of each cell and
cell layer is a function of the cell type radius and user-defined ran-
domness. As a result of this randomness, each simulation produces
a slightly different anatomy, even with the same input parameter set.
The thickness of a specific tissue is therefore a function of its cell’s
size and its number of layers. Specific vascular tissue patterns are
created depending on whether the user chooses to simulate a monocot
or a dicot anatomy (Figure [2.3)). The vascular pattern of dicotyle-
don is illustrative with the current version of the GRANAR model.
Independent of the species, in Figure 2.3] GRANAR was able to re-
produce cross-section anatomies with high similitude (relative error:
3.4%, R?: 0.9997) over the total area of the cross-section between
the experimentally obtained cross-section and the one obtained with
GRANAR.

Once the root anatomy was created, the cell network can be saved
in a file in eXtended Markup Language (XML). The file in XML
can serve as the geometry input for the MECHA model. As such,
both tools can be linked, and the GRANAR-MECHA model can be
used to estimate hydraulic properties (e.g. k) of any type of root
anatomy. The format of the XML created by GRANAR is identical
to the ones created by CellSeT which also generates a fully digitized
root anatomical network. Using the same format for both tools makes
them modular and facilitates the inter-comparison of their outputs
(Figure [2.4)).

The time (both computational and labor time) required to access
the level of network detail with CellSeT in Figure|2.4]is around 10 h in
cross-sections with thousands of cells, such as maize (image blending
and correction [30min] + automated segmentation [3s] + iterative
corrections of the segmentation and labeling [£10A4]). In compari-
son, generating a complete network anatomy only takes 10 min (root
anatomical traits [7 min RootScan/image or 10 min ImageJ/image]
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GRANAR area: 0.489 mm?

o, < )

area: 0.0120 mm? GRANAR area: 0.0131 mm?

(d)

area: 1,84 m GRANAR area: 1,91 mm?

Figure 2.3: Visual comparison between root cross-section images of different
plants and their simulation with GRANAR. A, Rice adventitious root grown
hydroponically and collected 10 cm above the root tip. B, Wheat (Triticum
aestivum) ‘Savannah’ mature adventitious root grown in soil and collected 5 cm
from stem. C, Arabidopsis primary root grown on an agar plate collected 5 cm
from the root tip. Initial image cross-section comes from figure 4 in (Atkinson
et al., [2017)). D, Maize (B73 line) crown root grown aeroponically and collected
5 cm from the root tip. Initial image cross-section comes from Hachez et al.
. E, Mature Ranunculus root (Reynolds, . The area information
below each image corresponds to the total area of the cross-sections. The model
parameters used for the simulations were gathered with ImageJ and are available
at https://github.com/granar/granar_examples.
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37 min I k: 1.048 x10% cm.hPa L.d t

Cross section area: 0,613 mm?
* Cortex area: 0.528 mm?
Xylem area: 0.024 mm?
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CellSeT i wrea: 0.082 mnv? e nonk::l;i;:fity
MECHA
gﬂ | k,: 1.065 x10* cm.hPat.d-!
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RootAnalyzer - PHIV-RootCell stele area: 0.092 mm*

Figure 2.4: Comparison of GRANAR- and CellSeT-based methods used to esti-

mate single-root scale hydraulic properties. The input parameters of GRANAR in

the figure were gathered with ImageJ. The radial hydraulic conductivity (k,) val-

ues were calculated using the MECHA model assuming an endodermal Casparian

strip as the only apoplastic barrier and uniform subcellular hydraulic properties.

The time (indicated as either person or computational using associated graphics)
required for each procedure is detailed next to each arrow.

+ GRANAR/cross-section [15s]). However, when we compared the
k. obtained by MECHA using either CellSeT or GRANAR anatomy
as input, the difference is less than 2% (Figure [2.4).

2.3.2  Generation of diverse anatomies

We validated the output of GRANAR for maize, whose root anatomy
is well documented in the literature. We used the experimental data
from three independent datasets showing large phenotypic diversity of
maize anatomical traits. The three root anatomical datasets were from
Burton et al. (2013b) (195 landraces from a diversity panel), from
Chimungu et al. (2014b]) (38 maize genotypes with large variance of
cortex traits), and from Gao et al. (1 cultivar with 3 different
root types and a large proportion of aerenchyma in all the 3 root
types). These different datasets contain tissue-scale anatomical data
that could be used as input for GRANAR, such as the size of the
stele or the number of cortex layers (details about how this data
was compiled to create the GRANAR input files are presented in
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the “Materials and Methods” section). Using the 239 entries, we
generated 717 maize root cross-sections, with three repetitions per
entries. Each data point was used to generate three replicates of
each root, taking advantage of the randomness in the positions of the
individual cells. Another root anatomical dataset from Wahl, and
Ryser (2000)) containing 19 different perennial grass species was also
converted into input parameter files for GRANAR. Their anatomies
were generated as well. Similar results were found as compared with
the three maize datasets (Annexe 1).

Once all the anatomies were created, we compared organ-scale
area-based metrics (that were not directly used as input to create
the anatomies) between the experimental and simulated data (Figure
. Area-based comparison is relevant to assess anatomical simi-
larities between the generated anatomies and the ones used as input
as demonstrated in the sensitivity analysis. GRANAR was able to
accurately represent the total areas and sizes of the different tissues
of the root (e.g. Figure , total cross-section area; Figure ,
total cortex area, Figure [2.5(C, xylem area; Figure |2.5]D, aerenchyma
area). For each variable analyzed, the r-squared value between the
simulated and experimental data was greater than 0.95. The relative
error of GRANAR was less than 5% for the total cross-section area,
the total cortical area, and the xylem area and less than 15% for the
aerenchyma area. For each variable analyzed, no significant differences
were found between experimental and simulated data (P > 0.05).

2.3.3 FEstimation of the radial hydraulic conductivity with
GRANAR-MECHA

By design, the anatomical output of GRANAR can be used as an in-
put for the MECHA model (Couvreur et al.,|2018]). We were therefore
able to estimate the k,. for each of the experimental data points, as-
suming constant subcellular hydraulic properties (see “Materials and
Methods” for details). The simulated k, (across the different root
cross-sections) varied between 21.1 and 8.1 1078 m.M Pa~!.s~! assum-
ing a hydrophobic endodermal Casparian strip as the only apoplastic
barrier.

Using the results of these simulations, we were able to attribute
the main changes of k,. to three parameters using a linear regression
model (Table . The simulated k, for those data points can then
be estimated using the following equation:
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Figure 2.5: Comparison between simulated and experimental anatomies for four

anatomical traits. A, Total cross-section area. B, Cortical area. C, Xylem area. D,

Aerenchyma area. The different colors and shapes represent the different datasets.

The dashed lines represent the 1:1 line. RE, relative error; R?, R-squared; P,

P-value for the F test. E, Illustration depicting one initial image (Chimungu et al.,
and the generated anatomy side by side. Bar = 100 pum.
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kr107 = 1.98 + 4.25 XV A — 0.731 TCA — 0.0209 P, + 0.18 XVA.P, (2.1)

where k, is the simulated radial conductivity (m.MPa=t.s71),
XVA is the xylem vessel area (mm?), TCA is the total cortical area
(mm?), and P, is the aerenchyma proportion (defined as the ratio
between the aerenchyma area and non-stellar tissues area).

Table 2.3: Summary of the ANOVA for the effect of the xylem and the total
cortical area combined with the aerenchyma proportion on the k, when the only
apoplastic barrier is an endodermal Casparian strip.

H Variable Sum of Squares F Values P-value H

XVA 1.069E 14 157 < 0.0001
TCA 2.452E 13 3599.9 < 0.0001
P, 4.09E 14 600.5 < 0.0001
XVA * P, 6.54E~ 1% 96.1 < 0.0001
Residuals 7.00E7 - -

The most substantial correlation factor to the simulated k, was
for the cortex width (corr: —0.84; P < 0.05, Table . As a general
rule, as the cortex width increases, the k, decreases (Figure )
In addition, for a given cortex width, as the xylem area increases, the
k, increases (Figure ) The ratio between the stele area and the
total area of the cross-section is also highly correlated to the k,. (corr:
0.79, P < 0.05, Table . In this regard, as the ratio between the
stele and the cross-section area increases, the k, increases (Figure
). Additionally, for a given ratio between the stele and the cross-
section area, as the xylem area decreases, the k, increases (Figure
2.6[B). Moreover, in the analyzed dataset, an increase in aerenchyma
proportion seems to only slightly decrease the simulated k, (Figure
). The simulated &, of our study and the ones measured in the
literature for maize were in the same range (Figure .

2.3.4 The anatomical traits effects on radial hydraulic
conductivity

In the previous section, we used the GRANAR-MECHA model to
study the theoretical effect of experimental root anatomical traits
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Data from:

) Burtonetal. 2013
Chimungu et al 2014

° . W Gaoetal 2015

200

=
1754
E Xylem area (mm?)
=
£ 1504 0.10
N 005
—
=~ 4
= 125
j
2
=
3
£ 1004
=
A,
75
02 03 04 05 06

o cortex width (mm)

200

L ]
o
n
TS
£ . o
2 %
£
150 * ).0’ Y
o
= ’ *, -& ﬂ.
- - 4, A
T 128 rs
% - A Xylem area (mm?)
= a Mg
> n A A
£ Em . 0.10
#1001 A Aa
0.05
24
75
0.10 015 020 025 0.30 035

ratio stele:cross section area (-)

cortex width (mm)

05
04
03
02

200+
1754
150

12,54

Simulated k. 108 {(m.MPa.s')

10.04

75

aerenchyma proportion (%)

Figure 2.6: Relationship between simulated k, and anatomical traits for each

dataset. Scenario with endodermal Casparian strip. Symbol shape corresponds to

datasets. A, Effect of the cortex width on the simulated k.. Colors represent the

xylem area. B, Effect of the ratio between the stele area and the total cross-section

area. Colors represent the xylem area. C, Effect of aerenchyma presence on the
simulated k,. Colors represent the cortex width.
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Table 2.4: Summary of the ANOVA for the effect of one-by-one anatomical trait
on the simulated k, assuming an endodermal casparian strip as the only apoplastic
barrier. Each line shows results from a single one-way ANOVA.

Radial Conductivity
Variable
Corr. Coef. of Pearson R-square F value P value
RXA -0.624 0.389 448.4 < 0.0001
TSA -0.222 0.049 36.64 < 0.0001
TCA -0.715 0.511 736.5 < 0.0001
LCA -0.638 0.407 483.1 < 0.0001
MXN -0.252 0.063 47.54 < 0.0001
XVA -0.175 0.03 26.61 < 0.0001
CCN 0.037 0.001 0.962 0.327
AA -0.632 0.4 468.4 < 0.0001
P, -0.505 0.255 241.3 < 0.0001
CW -0.841 0.708 1704 < 0.0001
TSA:RXA 0.792 0.627 1181 < 0.0001
Our simulation study on the datasets _
Miler 1585 —
Steudle et al. 1987 E
Shone and Clarkson 1988 H
Frensch and Steudle 1989 ﬂ
Schambil and Woermann 1989 l:l

Doussan et al. 1998 |

Ye and Steudle 2006 U

10 20
k. 10% (m.MPat.s?)

Figure 2.7: Comparison between simulated and measured k, values in maize.
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on the root k.. The advantage of a modeling approach is that each
anatomical traits can be changed independently from the others, which
is often impossible experimentally. The capability to change anatomi-
cal traits independently allows for a more complete exploration of the
theoretical phenotypic spectrum.

Here, we chose to vary the proportion of aerenchyma, the size of
the cortex, and the size of the stele as well as the number and area
of xylem vessels. For each trait combination, we computed the k,
for three different maturity levels (Figure [2.2)). The maturity levels
account for three approximate distances from the root tip correspond-
ing to different levels of apoplastic barrier development. Based on
Doussan et al. (1998a)) and Enstone, and Peterson (2005]) we assumed
the following apoplastic barrier types for the different distances: 1 =
presence of endodermal Casparian strip (5 cm); 2 = presence of suber-
ized endodermis (25 c¢m); and 3 = presence of suberized endodermis
and exodermal Casparian strip (30 cm).

The first anatomical trait we chose to vary was the proportion of
aerenchyma, which ranged from 0% to 50% of the cortex area (Figure
. The range observed in the experimental datasets spanned 0 to
35% (see previous section). An increase in aerenchyma induced a
decrease in the simulated k.. The effect was less important as the
endodermis started to suberize. However, under the maturity level
3, with a fully suberized endodermis and an exodermal Casparian
strip, the relative k, decrease was stronger than the one observed
at maturity level 2 with a suberized endodermis (Figure . The
stronger relative decrease can be explained by the reduced number of
cells after the exodermis layer, which allow the water to pass from a
cell-to-cell to an apoplastic pathway, whereas there is no shifting of
preferential pathway of water next to the exodermis at maturity level
2.

To observe the influence of the cortex traits on the k,, a range
of cross-sections were simulated with increasing cortex cell diameter
and numbers of cortex layers (Figure . We observed an increase
of all components induces a decrease in the simulated k, (Figure
A, C, D). Moreover, the cortex width (isolines in Figure [2.9/A)
accounts for the coupled effect of the cell diameter and the number
of layers on the simulated k,.. This anatomical trait neatly captures
the decreasing trend of k, with increasing cortex width for the global
simulated dataset included in Figure 8B (unlike Figure C and D,
displaying a single transect across the parametric space each).

The relative influence of each cortex feature was greater at matu-
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100 Level of maturity:
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Figure 2.8: Influence of the proportion of aerenchyma on the relative k;, for

simulated monocot anatomies. The colors represent different levels of hydrophobic

barrier development. 1: Endodermal Casparian strip (blue); 2: Endodermal

suberization (red); 3: Endodermis full suberization and exodermal Casparian strip

(green). The cross-sections at the bottom of the figure, from left to right, show
examples of roots with 0%, 25%, and 50% of aerenchyma.

rity level 1 than for the other maturity level tested. Each additional
apoplastic barrier reduced the relative influence of the cortex traits
over the water flow. Moreover, under maturity level 3, the cortex
traits had the lowest relative influence on the conductivity in compar-
ison with the other ones. Increasing the stele area while keeping the
cortex width constant led to an increase of the simulated k&, (Figure
. The influence of the stele area was highest in the scenario with
maturity level 2.

Figure shows the influence of increased xylem area on k.
To increase the xylem area, the number of the xylem vessels was
increased as well as the size of each pole. As a general rule, having
more xylem vessels increases the simulated k.. However, k, reached
a plateau when the xylem nearly covered the whole stele perimeter
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Figure 2.9: Influence of cortex anatomy (number of cortex layers and cell size)
on k, for simulated monocot anatomies. A, Overview of k, values across the
parametric space where endodermal Casparian strip is the only apoplastic barrier.
The colored dashed lines represent the cortex width isoline (mm), and the dotted
lines are a visual representation of the fixed parameters for the two subplots (C
and D). B, Evolution of the relative k, as the cortex width increases. C, Evolution
of the relative k, as the cortex cell diameter increases for the number of cortex
layers fixed to six. D, Evolution of the relative kras the number of cortex layers
increases for a cortex cell diameter set to 0.03 mm. B to D. The colors represent
different levels of hydrophobic barrier development. 1: Endodermal Casparian
strip (blue); 2: Endodermal suberization (red); 3: Endodermis full suberization
and exodermal Casparian strip (green).
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Figure 2.10: Influence of the stele area on the relative k, for simulated monocot

anatomies. The colors represent different levels of hydrophobic barrier develop-

ment. 1: Endodermal Casparian strip (blue); 2: Endodermal suberization (red);

3: Endodermis suberization and exodermal Casparian strip (green). The cross-

sections at the bottom of the figure, from left to right, show examples of roots
with 0.3, 0.4, and 0.5 mm stele diameter.

(Figure [2.11]A). The relative influence of the increase of the xylem
number was the greatest at maturity level 1 compared with other
maturity levels.

2.4 Discussion

Previously, when analyzing root anatomical data, scientists had to
make compromises. On the one hand, a complete digitalization of the
root anatomical network, which might be needed for further compu-
tational analysis, was possible to use semi-automated tools, such as
CellSeT (Pound et al., . However, this procedure is time consum-
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Figure 2.11: Influence of xylem features on the k, for simulated monocot
anatomies. A, Influence of the number of xylem vessels on the simulated rel-
ative k. The colors represent different levels of hydrophobic barrier development.
1: Endodermal Casparian strip (blue); 2: Endodermal suberization (red); 3: En-
dodermis full suberization and exodermal Casparian strip (green). B, Influence of
the xylem area on the simulated k. The simulated k, was calculated using an
endodermal Casparian strip as the only apoplastic barrier

ing, especially for large roots. On the other hand, tissue-scale metrics
could be automatically obtained from large datasets using other tools,
such as RootScan (Burton et al.,[2012)), PHIV-RootCell (Lartaud et
al., , or RootAnalyzer (Chopin et al., . Such a high through-
put pipeline yields quantitative descriptive properties, but does not
reach the level of detail required for analysis of the functional role
of root anatomy in functional structural plant models (Passot et al.,

2019).

With GRANAR, we aimed to bridge the gap between these two
pipelines so that researchers do not have to make trade-offs between
time consumption and quality of the analysis. Our new method uses
tools that gather anatomical traits to create GRANAR input parame-
ters (examples are given in the “Materials and Methods”). GRANAR
then generates a complete root anatomical network, which can be
used for downstream root functional analysis (Figure .

GRANAR coupling with other tools enables the estimation of
functional properties from root anatomical networks. For instance,
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combining GRANAR with MECHA (Couvreur et al., |2018)) enables
the estimation of the k, of a root cross-section (Figure [2.4). Other
computational tools, such as OpenAlea (Pradal et al., |2008), could
use the complete cell network anatomy generated by GRANAR to
analyze other functional properties, such as root radial growth. As
such, cell wall geometrical information can be integrated with mathe-
matics to simulate how cell tissue behaves with different growth rates,
local strain, and elastic deformation of cells under turgor pressure
(Chopard et al., 2007). For Arabidopsis (Arabidopsis thaliana), a
single stereotypical root cross-section was modeled by Dyson et al.
(2014)) to understand how cell properties and shapes contribute to
tissue-level extensibility and yield. Their study could be extended to
more diverse and larger roots with GRANAR.

Overall, our simulations showed the cortex width is one of the
major predictors of k.. When the size of the cortex increases, the con-
ductivity decreases, and it is mostly due to an increase in the length of
the apoplastic pathway, as shown in our simulation cases. The larger
the cortex is, the longer the path between the soil surface and the
xylem vessels. Even when apoplastic barriers are fully developed, the
cortex thickness still influences the conductivity greatly (Figure .
The influence of the cortex width on k, was already found experimen-
tally for a wide range of species (Rieger, and Litvin, [1999)). Cortex
traits have also been found as a factor of drought tolerance (Chimungu
et al., 2014alb; Lynch et al., |2014)). Chimungu et al. (2014b) showed
increasing the cortex cell diameter would reduce metabolic costs of
soil exploration and consequently improve drought tolerance. In that
regard, our results showed for the same amount of cell layer, increasing
cortex cell size would also reduce k, and limit water uptake. Reduced
k, would constitute a water saving strategy for the plant (Lynch et al.,
2014)). Additionally, Chimungu et al. (2014a) showed a reduction of
the number of cortical layers would also reduce metabolic cost and
therefore improve drought tolerance by enabling deeper rooting depth
and increased water uptake. Here, our results showed a reduction of
the number of cortical layers would increase k, and effectively ease
water uptake. Thus, as Lynch (2015) suggested, roots with a small
number of cortex layers and large cortex cells should have a small
metabolic cost. However, our results showed this would have a com-
pensatory effect on k, because few cortical layers and large cortical
cells have an opposite effect (Figure[2.9] C and D). We suggest instead
a combination of few but large cortical cell layers which should show
deep rooting ability thanks to the low metabolic cost and a small value
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of k,.

Our simulations show an increase in the aerenchyma proportion
leads to a decrease in root k,. This has also been shown experimen-
tally in maize (Fan et al., |2007). The reduction of the number of
parallel pathways due to the formation of aerenchyma is likely the
cause of the observed reduction of k, (Figure . Lynch, and Brown
(2008) showed increasing the aerenchyma reduces the root metabolic
cost, which in turn enables deeper rooting depth and improves drought
tolerance. It has to be noted the aerenchyma proportion is an anatom-
ical trait independent from the many other anatomical traits (Burton
et al., |2013b). We acknowledge that we do not know if cell hydraulic
properties change with the aerenchyma formation in nature. This
discrepancy may explain why in Fan et al. (2007) the observed k.,
reduction is stronger than what we estimated with our simulation.

Recent studies show a large number of meta-xylem vessels with
small diameters improves drought tolerance (de Souza et al., 2013}
York, and Lynch, [2015)). A hypothesis to explain the drought tolerance
mechanism of small xylem diameter is the reduction of cavitation
likelihood (Li et al.,2009). Another hypothesis is the reduction of axial
water fluxes (Lewis, and Boose, [1995]), which correspond to the water
saving strategy (Lynch et al.,|2014)). In addition, our results showed an
increase of the k, as the number of xylem vessels increases. Moreover,
Huang, and Nobel (1993]) have found a positive correlation between
the number of xylem vessels and the k, in Ferocactus acanthodes
and in Opuntia ficus-indica. Nevertheless, our simulation also showed
the decreasing size of xylem vessels alone would also decrease the k,
(Figure , which would lead to a water-saving strategy. Another
study showed a drought tolerant plant (sorghum, Sorghum bicolor)
expresses few xylem vessels and large cortex (Salih et al., [1999)). In
this case, the two factors would limit k.

The stele area, to our knowledge, has not been explored as a
drought tolerant factor in the field. However, Moreno-Ortega (2016)
experiment on maize lateral roots showed a strong correlation between
stele diameter and the number of xylem vessels, which was discussed
above. In our study, we simulated the change of stele diameter without
changing the number of xylem vessels, and the stele alone had a strong
impact on k, (Figure . The increased simulated k, as the stele
area increased was mostly due to the increase of the pathway area.

The influence of anatomical traits changes with the development
of apoplastic barriers. As detailed in the sensitivity analysis for each
of the anatomical traits, the relative influence of each feature generally
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decreases as the number and strength of apoplastic barriers increase.
The reason for this decrease is that the relative influence on water
flow of the apoplastic barriers in comparison with anatomical vari-
ation is increasingly strong. This behavior typically occurred with
the simulation for the cortex traits and with the simulation for the
xylem. Rieger, and Litvin (1999) justifiably show apoplastic barriers
alone do not explain all changes in k,. However, our simulation shows
relative influence of anatomical variation changes as the apoplastic
barriers increase (Figs. 2.11). This, to our knowledge, has not
been pointed out in the literature. Further investigation could shed
light on experimental data, where such trends are observed.

As shown in this manuscript, GRANAR is able to reproduce the
general anatomical traits of varied experimental data. However, the
anatomies produced by GRANAR remain a stereotypical representa-
tion of root cross-sections. Specific traits, such as uneven cell divisions
(for instance, due to the formation of a lateral root) in specific loca-
tions, will not be represented using GRANAR. As a result, scientists
might want to use manual image analysis tools to capture such specific
anatomical traits. At this stage, it is also worth noticing GRANAR
does not represent structures formed during secondary growth (sec-
ondary xylem and phloem).

Another current limitation of GRANAR is its static aspect. The
model does not explicitly simulate the growth and development of the
different cell layers. The root anatomy is the result of a generative
algorithm and is fixed in time. One possible improvement to GRANAR
would be to include a developmental module within the model, similar
to the current root architectural models (Barczi et al.,|2018; Postma et
al., [2017; Schnepf et al.,|2018). This would allow the model to create
root anatomies for different root ages in one simulation, enabling
the estimation of the evolution of the root conductivity with the root
maturation. The downside would be that such a model would be more
difficult to parametrize, making it more difficult to link to experimental
datasets.

A third limitation of our current pipeline is the lack of information
regarding some of the cell layers. Although tools such as RootScan
(Burton et al., [2012)) or PHIV-RootCell (Lartaud et al., [2014]) can
automatically extract some of the needed variables, they do not extract
all of them. For instance, some assumptions were made in our research
regarding the cell size in the epidermis, endodermis, pericycle, stele,
and exodermis (see “Materials and Methods” for details). It would
therefore be useful to have a concerted development for both the model
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2. MAIZE ROOT ANATOMY

and the image analysis tools to create a fully integrated pipeline.

Finally, most of the data presented here were obtained on maize.
This choice was a practical one, as maize was the only plant for which
we could find sufficiently large and detailed datasets. In the future, ad-
ditional validation of GRANAR should be performed for other species.
The data on the 19 different perennial grass species from Wahl, and
Ryser (2000) show the way toward the global validation of GRANAR
for monocotyledons. This would be facilitated if experimental data (in
this case the images) were more widely shared within the community
(e.g. on figshare or Zenodo).

2.5 Conclusion

GRANAR is a new open-source computational tool that is able to
generate a range of root anatomies for both monocots and dicots
(http://granar.github.io). The input of the models can be rapidly
acquired using existing image analysis tools. As output, GRANAR
produces an explicit representation of the root anatomy as a network
of connected cells. These networks can serve as input for other models,
such as MECHA, and be used to estimate functional properties (here
radial hydraulic conductivities) of specific anatomies.

In this manuscript, we validated GRANAR by reanalyzing large
published datasets of maize root anatomies. GRANAR was able to
represent the large range of experimental root anatomies. In addition,
by coupling GRANAR with MECHA, we were able to estimate the
hydraulic properties of the different anatomies in the dataset. This
analysis highlighted the importance of the cortex width and the stele
area as major factors influencing the root radial conductivity.

We also used GRANAR-MECHA to further explore the theoretical
link between anatomy and radial conductivity. By creating 1000s of
theoretical anatomies, we were able to assess the functional impor-
tance of individual anatomical properties such as the number of xylem
vessels, the proportion of aerenchyma or the size of the stele. The
analysis highlighted most anatomical variables have an influence on
the hydraulic properties of the root. Their relative importance varied
and functioned at the level of apoplastic barrier development. As a
general rule, the influence of the anatomical traits was smaller when
apoplastic barriers (in the endodermis and exodermis) were present.

In conclusion, we presented GRANAR, a new computational pipeline
for the functional characterization of root anatomy.
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In the previous Chapter, we learned how
to generate root cross-section networks
which can be used to estimate the ra-
dial hydraulic conductivity in combination
with some subcellular hydraulic proper-
ties.

We figure it out that this new method
could be applied to a root system. From
anatomical traits, we could, perhaps, de-
rive an Atlas of the root hydraulics func-
tions associated with the root typology,
assuming constant subcellular hydraulic
properties over that root system.

Thus, this next Chapter is the result of
the application of the new modeling tech-
niques at the root system scale. In ad-
dition, we wanted to provide a new root
hydraulic atlas, with a higher spatial reso-
lution and which would include more root
types than its predecessors.






CREATION OF ROOT
HYDRAULIC CONDUCTIVITY
ATLASES FROM
CROSS-SECTION IMAGES
AND MODELING TOOLS

This chapter is a modified version of a scientific article published as:

Adrien Heymans, Valentin Couvreur, and Guillaume Lobet.
Combining cross-section images and modeling tools to cre-
ate high-resolution root system hydraulic atlases in Zea mays.
Plant Direct 2021.07.16;e00290

ABSTRACT

00T hydraulic properties play a central role in the global water
R cycle, in agricultural systems productivity, and in ecosystem sur-
vival as they impact the canopy water supply. However, the existing
experimental methods to quantify root hydraulic conductivities, such
as the root pressure probing, are particularly challenging, and their ap-
plicability to thin roots and small root segments is limited. Therefore,
there is a gap in methods enabling easy estimations of root hydraulic
conductivities in diverse root types. Here, we present a new pipeline
to quickly estimate root hydraulic conductivities across different root
types, at high resolution along root axes. Shortly, free-hand root
cross-sections were used to extract a selected number of key anatomi-
cal traits. We used these traits to parameterize the Generator of Root
Anatomy in R (GRANAR) model to simulate root anatomical net-
works. Finally, we used these generated anatomical networks within
the Model of Explicit Cross-section Hydraulic Anatomy (MECHA) to
compute an estimation of the root axial and radial hydraulic conduc-
tivities (K, and k,, respectively). Using this combination of anatom-
ical data and computational models, we were able to create a root
hydraulic conductivity atlas at the root system level, for 14-day-old
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3. HYDRAULIC ATLASES OF MAIZE ROOTS

pot-grown Zea mays (maize) plants of the var. B73. The altas high-
lights the significant functional variations along and between different
root types. For instance, predicted variations of radial conductivity
along the root axis were strongly dependent on the maturation stage
of hydrophobic barriers. The same was also true for the maturation
rates of the meta-xylem vessels. Differences in anatomical traits along
and across root types generated substantial variations in radial and
axial conductivities estimated with our novel approach. Our method-
ological pipeline combines anatomical data and computational models
to turn root cross-section images into a detailed hydraulic atlas. It is
an inexpensive, fast, and easily applicable investigation tool for root
hydraulics that complements existing complex experimental methods.
It opens the way to high-throughput studies on the functional impor-
tance of root types in plant hydraulics, especially if combined with
novel phenotyping techniques such as laser ablation tomography.

3.1 Introduction

Root hydraulic properties are part of the major functional plant prop-
erties influencing root water uptake dynamics. Among them, the
radial hydraulic conductivity (k) is a key component of the water
absorption from the soil to the vasculature of the plant, and the axial
hydraulic conductance (K,,) defines the water transport along the root
(Leitner et al.,|[2014). Changes in the local root hydraulic properties,
at the cell and organ-scale, are known to have overall repercussions
on the plant hydraulic behavior (Meunier et al., [2020; Tardieu et
al., [2018) and are considered as important breeding targets to create
drought resilient varieties (Maurel, and Nacry, 2020). Quantitative
root hydraulic conductivity data along roots are therefore needed for
a thorough understanding of root water uptake dynamics.

The root axial conductivity (K) is a function of the xylem vessel
area, maturation, and number (Martre et al.,|2001; Sanderson et al.,
1988). It can be approximated using Poiseuille-Hagen’s law applied to
xylem vessels area (Frensch, and Steudle, |1989) or measured directly
using a pressure probe attached to a root segment with cut ends
(Meunier et al., |2018b).

The root radial conductivity (k) is influenced by different root
anatomical traits and subcellular hydraulic properties. On the one
hand, root anatomical traits define the baseline for the root radial
conductivity as they delineate the structure of the network of root
cells (Steudle, |2000). Rieger, and Litvin (1999) showed that the radial
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conductivity is inversely related to the root radius and cortex width.
Similarly, increasing the number of cell layers in the cortex (Chimungu
et al., 2014b]), the size of cortex cells (Chimungu et al., 2014a; Lynch
et al., 2014), as well as the presence of aerenchyma (Fan et al., [2007)
all seem to lower the radial hydraulic conductivity. On the other
hand, the subcellular hydraulic properties, such as the contribution
of aquaporins to the hydraulic conductivity of plasma membranes,
can modulate the root radial conductivity (Javot, and Maurel, [2002;
Parent et al., |2009) on the short term. The hydraulic conductance of
plasmodesmata may also have a crucial impact, especially after the
deposition of suberin lamellae locally blocking the transmembrane
pathway (Couvreur et al.,|2018)). The development of such hydropho-
bic barriers (e.g., the lignified Casparian strip and suberin lamellae
in cell walls of the endodermis and exodermis) drastically reduces the
root radial conductivity on the long term (Enstone et al., [2002)). The
quantification of the radial hydraulic conductivity is challenging due
to the complexity of the associated experimental procedures. It is even
more complicated to assess it at different locations along the root axis
and on different root types. The most direct way to estimate root
radial conductivity is on roots grown in soil-less environments using a
root pressure probe (Frensch, and Steudle, [1989)). Other experimental
techniques employ a pressure chamber to measure water flow through
roots that were successively cut into smaller parts (Zwieniecki et al.,
2002|), or employ the high pressure flow meter device on whole root
systems (Tyree et al.,|1994)). From a different perspective, modeling
tools may connect the dots between complementary data available,
possibly at different scales, to assist the estimation of root radial con-
ductivity (Passot et al.,[2019)). In Heymans et al. (2020), we used this
approach to connect root anatomical with cell hydraulic data using
the root anatomy and hydraulic anatomy simulators GRANAR and
MECHA. At larger scale, Zarebanadkouki et al. (2016]) connected
the root hydraulic architecture model of Doussan et al. (1998a) to
water tracer data using an inverse modeling method to derive profiles
of hydraulic conductivity along roots.

Such estimations are so complex that many studies that simulate
water uptake with functional-structural root models still rely on the
root hydraulic conductivity profiles estimated more than 20 years
ago by (Doussan et al., [1998b)) (e.g., R-SWMS, Javaux et al., |2008;
OpenSimRoot, Postma et al., 2017, or MARSHAL, Meunier et al.,
2020)). Today, we need new methods to rapidly quantify root hydraulic
conductivities from more easily available data.
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3. HYDRAULIC ATLASES OF MAIZE ROOTS

Here, we present a procedure to generate a high-resolution hy-
draulic conductivity atlas from experimental data combined to recent
modeling tools. In short, with free-hand root cross-sections and flu-
orescent microscopy, we were able to extract easily anatomical traits
that can be used to run the Generator of Root Anatomy in R (GRA-
NAR). Then, using the generated hydraulic anatomical networks
with MECHA, we estimated the k, and K, along the root axis of
each maize root type. The coupling of these models to multiple root
cross-section images creates a new way to generate a root hydraulic
conductivity atlas that takes into account the impact of anatomical
traits, the development of hydrophobic barriers and the cell hydraulic
properties. The method that we developed is cheap, reproducible and
adaptable to different environments than the one tested in this study.

3.2 Material and methods

3.2.1 Plant materials and growth condition

Five Zea mays (maize cultivar B73) plants were grown in pots for 14
days. The PVC pot dimensions were 12 cm diameter, 25 cm deep,
and filled with two soil layers for a total volume of 2 L after saturated
watering. The bottom soil layer was composed of 1.5 kg per pot of
potting soil (80% sieved potting soil DCM [Grobbendonk, Belgium)]:
20% sand) and the superficial soil layer was made of 1 kg per pot of
sandy soil (50% sieved potting soil DCM [Grobbendonk, Belgium]:
50% sand). The soil drained for two days when the germinated seeds
were planted and not rewatered afterwards. The seeds were placed at
1 cm deep in the first soil layer. The germination of the seeds occurred
in a Petri dish maintained vertically in dark conditions between two
wet filter papers. Ahead, the seeds were initially sterilized in a 50%
bleach bath for 5 min then rinsed in water five times, interrupted
by the sponging of the rinsing water. From the 15 seeds that were
put under germination, five were selected based on the length of the
tap root (0.5 to 1 cm long) in order to have a homogeneous root
growth. Each seed was planted in a different pot column. The pots
were separated from each other over a grid pattern, where the cells
are 20 cm long and 13 cm width with a total of 5 rows and 10 columns.
The other pots that composed this experimental design were occupied
by other maize genotypes following the same growth condition. All
plants were grown in a greenhouse (Louvain-la-Neuve, Belgium, May
2018) with the environmental settings of the greenhouse set to 60%
for the relative humidity and a temperature of 25°C' (+3°C).
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3.2.2  Processing root cross-sections

After 14 days of growth in the pots, the root systems were excavated
and carefully washed. The root systems were scanned on a flatbed
scanner (Medion 3600 DPI) customized in-house in such a way that
the light source and the sensor are positioned on both sides of a large
water container (21 x 60 x 4 cm). Root samples were conserved in a
FAA (95% ethanol : glacial acetic acid : 37% formaldehyde : water;
50:5:10:35) (Ruzin et al., [1999)) and kept at 4°C. Before staining the
roots, they were rinsed in tap water for 15 min. The roots were stained
with 1% (w/v) berberine hemi-sulphate for 1 h and post-stained with
0.5% (w/v) aniline blue for 30 min before making free-hand root cross-
sections following the Brundrett et al. (1988) protocol. Three or more
free-hand root cross-sections per root type were taken on at least three
different roots at every 5 cm or less to create an atlas of anatomical
traits along each root type. Cross-section images were acquired with
a Leitz SM-LUX (Germany) fluorescent microscope equipped with a
Leica camera DFC320 (Cambridge, United Kingdom).

3.2.8  Root typology

The root types selected for this analysis are the taproot, the basal
roots (embryonic roots), the shoot-born roots on the first node and
two types of lateral roots, the short ones and long ones (longer than 5
cm with second order lateral roots on it) (Passot et al., 2018). Because
we were able to measure lateral root lengths but not their growth rates,
we chose to have two classes of lateral roots instead of the three types
characterized by Passot et al. (2018). We had to base the classification
on root length instead of root growth rate. After a few days of growth,
the length of individual lateral roots clearly discriminates between
longer roots classified as a type A by Passot et al. (2018) and the
other two lateral types (B and C) that are shorter than the A type
after a couple of days.

3.2.4 Root image analysis
From root cross-section image to root anatomical traits

The images were analyzed with the ImageJ (version 1.47) software
(Schneider et al., 2012). The anatomical traits that we measured
manually are listed in Table 3:I] On each root cross-section image,
transects were drawn from one side to the other passing by the center,
or two transects from two distinct side meeting in the center if the
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3. HYDRAULIC ATLASES OF MAIZE ROOTS

image did not cover the entire root cross-section. The selection of
the transects was also made in order to have the most intact cells
crossing the lines. With the segmented ”line” tools of ImageJ, those
lines were followed to measure the tissue width of the epidermis, the
exodermis, the cortex, the endodermis, and pericycle cell layer, as well
as the stele diameter. Following the same lines, the numbers of cells
in the cortex and in the stele were counted. The specific cell diameter
of the cortex and the stele was calculated by dividing the width of
the root tissue by the number of cell layers within the root tissue.
The meta-xylem vessels’ diameters were calculated from the surface
area of all meta-xylem vessels divided by their number. The surface
area was measured with the polygon tool of ImageJ. The number
of proto-xylem vessels was counted by addition of all lignify cells in
the surroundings of meta-xylem vessels. The staining procedure to
spot the lignified cell walls is described in the sub-section An
overview of the anatomical traits measurement protocol can be found

in the Appendix

Table 3.1: List of the measured anatomical traits acquired with ImageJ on the
root cross-section images that have been used to get the GRANAR parameters

Measured traits on the root GRANAR parameters

Traits Description from traits to parameter Tissue type Properties Unit
EpW Epidermis cell radial width epidemis cell_diameter pum
ExW Exodermis cell radial width exodermis cell_diameter nm
nCF Number of cortex cell layer cortex n_layer #
CoW Cortex width (CoW) divided by nCF cortex cell_diameter pum
EnW Endodermis cell radial width endodermis cell_diameter pum
PeW Pericycle cell radial width pericycle cell_diameter nwm

SD Global stele diameter stele layer_diameter

nS SD divided by the number of

SW stele cells on the stele diameter (nS) stele cell_diameter pum
MXA Meta-xylem area zylem mazx-size pm
nMX Number of meta-xylem vessel zylem n_files #
nPX number of proto-xylem vessel divided by nMX zylem ratio -
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From anatomical traits to root cell network generation

We needed to capture anatomical descriptors that are ready-to-use for
downstream computational models to create a series of functions that
represent the evolution of the hydraulic conductivities as a function
to the distance from the root tip. Therefore, such root hydraulic
conductivity atlas along the different maize root types would take
into account the development of the anatomical traits. With the
gathered root cross-section images, and the extracted root anatomical
traits measured along the roots axes, we computed linear regressions of
the different anatomical traits against the distance to the tip for each
root type. The coefficients of the linear models were used to estimate
the different GRANAR input parameters along the root type axes
at every wanted location (the spatial resolution is described below).
However, if the regression between the distance along the root and the
anatomical traits did not significantly differ from the uniform model
(p value > .05), the average value of the anatomical traits along the
root axis was taken instead of the value predicted by the linear model.

An exception was made for the relation between the size of the
stele and the one of the meta-xylem. Instead of the regular regression
methods to obtain the coefficients of the linear models, a Napierian
logarithmic transformation was applied on the stele area and the
xylem area, similarly as in Yang et al. (2019). The linear regression of
the Napierian logarithm between those anatomical traits was used to
set the meta-xylem diameter parameter (GRANAR parameter: xylem
maz_size). The goal was to conserve the relationship between the size
of the stele and that of the meta-xylem. Nevertheless, the regular
regression method was still used to set the number of meta-xylem
vessels (GRANAR parameter: xylem n_files).

The chosen distances between the simulated root cross-sections
used to generate the atlas vary along three regions of the root. From 0
to 2 cm from the tip, the spatial resolution is 0.5 cm. From 2 to 15 cm
from the tip, we selected a resolution of one cross-section every cen-
timeter, and between 15 and 40 cm from the tip, one every 5 cm. The
number of technical replicates for each simulated root cross-section is
two, with small artificial stochasticity (GRANAR parameter random-
ness set to 1). This artificial stochasticity produces a small random
shift in the center of every cell proportional to the distance from the
center of the generated root cross-section. We tested the generated
root cross-sections to validate that their simulated anatomical traits
match the set of experimental values for those anatomies (Figure .
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Estimation of k, and K, from generated root cell network

Radial and axial hydraulic conductivities (k, and K,) were then
estimated for each simulated anatomical network along the selected
root types using MECHA and with the maize cell hydraulic parameters
described in the section below. To test the effect of the distance
from the apex and the factor root type, each hydrophobic barrier
scenario or xylem maturation was computed for every generated root
cross-section. To identify the type of hydrophobic barriers that were
encountered on the cross-section images, we used the berberine-aniline
blue fluorescent staining procedures for suberin, lignin, and callose in
plant tissue (Brundrett et al., [1988]). This procedure was designed
to highlight exodermal and endodermal Casparian strips and suberin
lamellae, it also works to identify the lignification of the xylem cell
walls. Meta-xylem vessels with fully lignified cell walls were considered
as mature vessels.

3.2.5 Description of MECHA hydraulic parameters

The simulation framework MECHA (Couvreur et al., [2018) can es-
timate root radial conductivities from the root anatomy generated
with GRANAR from the subcellular-scale hydraulic properties of cell
walls, membranes, and plasmodesmata. The cell wall hydraulic con-
ductivity was set to 2.8 1072m2s ! M Pa~!, as measured by Zhu, and
Steudle (1991) in maize. Lignified and suberized wall segments in
the endodermis and exodermis were considered hydrophobic and at-
tributed null hydraulic conductivities. The protoplast permeability
(Lpe, 7.7107"m.s7 M Pa™') measured by Ehlert et al. (2009) was
partitioned into its three components: the plasma membrane intrinsic
hydraulic conductivity (k,,), the contribution of aquaporins to the
plasma membrane hydraulic conductivity (kagp), and the conduc-
tance of plasmodesmata per unit membrane surface (Kpp). The latter
parameter was estimated as 2.410~"m.s"!M Pa~! (Couvreur et al.,
2018]), based on plasmodesmata frequency data from Ma, and Peterson
(2001)), and the plasmodesmata conductance estimated by Bret-Harte,
and Silk (1994)). By blocking aquaporins with an acid-load treatment,
Ehlert et al. (2009) measured a kagp of 5.010~"m.s 1M Pa~!. The
remaining value of k,, after subtraction of kagp and Kpp from Ly,
was 0.310""m.s7!M Pa~'. Each value of k,,, kagpr, kpp, and Ly,
was set uniform across tissue types. For details on the computation
of k,, see Couvreur et al. (2018]).

The specific root axial hydraulic conductance K (m*s~™*MPa~1)
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is the sum of specific conductances of individual vessels, estimated
using the Hagen—Poiseuille equation:
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where A (m?) is the transverse area of one xylem vessel, i is the
xylem vessel number, N is the total number of xylem vessels in parallel
within a cross-section, and 1 (M Pa.s) is the dynamic viscosity of the
xylem sap. Xylem sap being essentially water, n was assumed equal
to 1079 M Pa.s.

3.2.6 Root hydraulic conductivities benchmark

As the root hydraulic conductivities obtained in this study are com-
pared, among other studies, with the ones estimated in Doussan et al.
(1998b)), which refer to lateral root segment ages, we assumed that
the lateral roots have an average growth rate of 1 cm per day (Passot
et al., |2018) to turn root segment ages into distances from the apex.

The details about the GRANAR-MECHA coupling are available
in an online Jupyter NoteBook
(https://mybinder.org/v2/gh /HeymansAdrien /GranarMecha/main). The
complete procedure can be run online or locally after downloading the
related gitHub repository
(https://github.com/HeymansAdrien/GranarMecha
doi: https://doi.org/10.5281/zenodo.4316762). This complementary
open-source tool helps the users to change anatomical traits and cell
hydraulic properties to personalize the exercise at will. The outputs
of each generated root cross-section can be visualized through dif-
ferent figures that show the proportion of the water fluxes in each
compartment (apoplastic and symplastic fluxes) and a table with the
estimated k,, and K, for all maturation scenarios.

The whole script that was used to compute the root hydraulic atlas
from the root anatomical measurement is presented as a Rmarkdown
script stored in a GitHub repository
(https://github.com/granar/B73_HydraulicMap
doi: https://doi.org/10.5281/zenodo.4320861). All input and output
data of this study are stored in the same repository.
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8.2.7 Statistical analysis

The statistical analysis was conducted using R software (version 3.5.1,
R Core Team, 2018). The R package that was used for the data ma-
nipulation was tidyverse (Wickham, and Chang, 2019). All analyses
of variance (ANOVAs) were conducted considering the full length of
the roots (not restricted to the actual intervals where the roots show
the features). The combination of distance from the apex and the fac-
tor root type was included in the performed two-way ANOVAs. The
function ’aov’ from the package stats was used for this purpose. Using
these generalized linear models and the ‘emtrends’ function from the
package “emmeans” (Lenth et al., 2018]), we were able to compare
pairwise the change of the anatomical traits along their root type
axes. Those tests were used to seek anatomical traits changes along
root type axes. Other ANOVAs, used to parameterize GRANAR
and benchmark the anatomical input with the output from the cross-
section generation procedure, were performed using the same function,
but the dataset was split per root type factor, and the distance from
the apex was the explicative variable. The Pearson correlation coeffi-
cients used in the comparison between the GRANAR output and the
theoretical values from the input parameter were computed with the
function ’‘ggpairs’ from the package "G Gally” (Emerson et al., [2013)).

3.3 Results

3.3.1 Changes in anatomical traits

The first step of the procedure to create a root hydraulic atlas is to
understand the change of anatomical traits along the different root
type axes. The root cross-section images gathered along the different
root types show that some anatomical traits change along the root axis
(Table . In general, the axial roots (Tap-, Basal-, and shoot-born-
roots) are narrower at their tip than at their base. It is primarily due
to a shrinkage of the stele (Figure [3.2)). This shrinkage is linked to
a smaller stele cell number. Only the long laterals do not present a
significant decrease (p < .05). However, basal- and shoot-born roots
also have smaller diameter closer to the tip (p < .05). The change in
the stele diameter also differs across root types. The change of stele
diameter along the root axes for the shoot-born roots is steeper than
for the tap root (p < .05). The cortex width tends to be wider as we
move away from the tip of the root. The change of cortex width along
the root axis is also different between the long lateral and the basal-
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and shoot-born roots (p < .05).

Table 3.2: P value of the two-way analysis of variance (ANOVA) models per-
formed to test the hypothesis under which the cell tissue types are influenced by
the distance from the apex and the root type

Anatomical traits Apex distance Root type Dist. x Type

p value p value p value

Epidermis width (um) .01537 .00542 .04410
Exodermis width (um) .00281 7.31e7 10 42145
Cortex width (pum) 4.11e™ 7 <2e716 .00109
Cortex cell width (um) 1.50e~" 2.94e7 1 .033
Endodermis width (um) 2.38¢7 13 1.37¢7° 912

Pericycle width (um) .000979 < 2e716 .000519

Stele diameter (um) 6.16e716 < 2e716 1.07¢~8
Stele cell width (um) < 2e716 < 2e716 .276

Stele cell number (#) 5.56e~? < 2e716 6.85¢°
Meta-xylem number (#) < 2e7 16 < 2e7 16 475

Meta-xylem vessel diam. (um) .030735 < 2e716 .000502
Proto-xylem number (#) 6.21e71° < 2e716 .0493

Closer to the tip, as the stele area decreases, the number of xylem
vessels is also reduced, whereas the size of the meta-xylem vessels does
not shrink significantly for most root types (p > .05). The relation
between the stele and xylem areas is strong (R? = .975), but it is
not linear. However, when we look at the Napierian logarithm of
those areas, similarly as in Yang et al. (2019), the linearity of this
relationship is strong (R? = .991, Figure . Due to the strong
relationship between those anatomical traits, we used the Napierian
relationship between the size of the stele and the meta-xylem vessels
into the GRANAR parameterization procedures instead of using the
regular linear regression.

7



3. HYDRAULIC ATLASES OF MAIZE ROOTS

A Root type
: . == Basal/seminal
300 =+ Short lateral
— Long lateral
E — Shoot bort
=
= Tap
% 200
L *
h-] - . L *
-7}
T et = (] .
= 100 ., . :
LY T -
.
[ s *
0
B
1501
E
=
% 1004 .
i H 1 .
2 : : 5
3 s "t L. . . H
e e, o . 3 - .
G s0f{ .°- *
U | . .
ST T %
\. -
0 10 20 30 40

Distance from the root apex [cm]

Figure 3.1: Relation between the distance from the apex and (a) the stele di-
ameter, and (b) the cortex width for the different root types. Data shows all
experimental measures for the dedicated anatomical traits. The dark shadings
show the 95% interval of confidence around the linear regression for each root type.
(*): slope different than 0 (p < .05; generalized linear model: the anatomical layer
width as a function of the distance, the root type and the combination of both)
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Figure 3.2: Allometric relationship between the Napierian logarithm of the meta-
xylem area and the one of the stele area. Data shows experimental averages per
root cross-section image. R? = .991

3.8.2 Building an atlas of root anatomies and hydrophobic
barriers

Each input parameter for the model GRANAR is a function depending
on the root type and the distance from its apex. With such informa-
tion, we were able to simulate representative root cross-sections along
each root type, at any longitudinal position (Figure .

In addition to the overview of the root cross-section of the root
system, we added the location of hydrophobic barriers and meta-xylem
maturation zone based on staining signals (Figure. The berberine-
aniline blue fluorescent staining procedure for suberin, lignin, and
callose allowed us to estimate the position of the different maturation
zones (Figure . On the main root axes, the taproot, the basal-,
and the shoot-born roots had a fully suberized endodermis before
the maturation of the meta-xylem. In addition, the lignification of
the meta-xylem vessels usually occurred shortly after the complete
suberization of the endodermis. On the opposite, in lateral roots, the
meta-xylem vessels were lignified before the complete suberization
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Short lateral root

Basal root Shoot born root

Long lateral root

Tap root

Figure 3.3: Schematic representation of a maize root system with five root types.
Along each root type, the generated representative root cross-sections pair with
the nearby tick marks. The numbers along the roots describe the distance from
the tip of the root in centimeters. The 200-um bar stands for the displayed root
cross-sections, though the scale is free in between in the rest of the figure. The
filled meta-xylem vessels are not mature yet. The dashed red circles stand for
the Casparian strip. The continuous red circles stand for the fully suberized
endodermis
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3.4. Discussion

of the endodermis. Moreover, short lateral roots had lignified meta-
xylem vessels before the suberin lamellae started to deposit on the cell
walls of the endodermis. For long lateral roots, lignified meta-xylem
vessels were found where some suberin had started to deposit as a
lamellae against primary walls of the endodermis.

The time needed to generate root cross-sections with GRANAR
was around 1 to 20 s depending on the number of cells on the anatom-
ical network.

8.8.8 Building an atlas of root hydraulic conductivities

The next step of the process to make high-resolution atlases for the
root hydraulic conductivity is to estimate the k. and K, of all the
generated cross-sections. To estimate the k, of the generated root
cross-section, we used the MECHA model (Figure [3.6)).

We adjusted the maturation scenario in MECHA to fit our experi-
mental data of the maturation zone for the hydrophobic barriers and
meta-xylem lignification. The cell hydraulic parameters were kept the
same for all cross-sections. For the K, we used the Hagen—Poiseuille

laws (Equations [L.6)).

For each hydrophobic scenario, the radial hydraulic conductivity
was significantly influenced by the distance from the apex, the root
type factor, and the combination of both (Table . The axial
hydraulic conductance, with only protoxylem or with all functioning
xylem vessels, was also highly dependent on the distance from the
apex, the root type factor, and the combination of both (Table .

To estimate the k,. for the three scenarios, the model MECHA
took around less than 1 to 5 min per root cross-section.

3.4 Discussion

We presented here a protocol to estimate root hydraulic properties
that could be repeated in further studies (e.g., with different species,
genotypes, or environment). Our method is quicker than root pres-
sure probing (the established experimental procedure) to estimate
the root radial conductivity of a root segment (Figure . This
increase in throughput enabled the estimation of k. on more root
cross-sections per experiment. In addition, as root traits can be in-
terpolated along the root axis, hydraulic atlases with high spatial
resolution can be created. It takes a total time of 30 min, on aver-
age, to link anatomical traits with hydraulic properties. This includes
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Figure 3.4: Basal root cross-sections. (a) 3 cm from the apex, the arrow point at

the endodermal Casparian strip (“ecs”); (b) 5 cm from the apex; (¢) 8 cm from the

apex, the arrow point at the suberin lamellae that deposited on the endodermis

(“sl”); (d) 10 cm from the apex; (e) 15 cm from the apex, the “mma” arrow points

the lignify cell walls of the mature meta-xylem vessels, the “excs” arrow points

the exodermal Casparian strip; (f) 20 cm from the apex; (g) 25 cm from the apex;
and (h) 30 cm from the apex. Bar = 50 um
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Figure 3.5: Development of the maturation for hydrophobic barriers (a) and for
the meta-xylem vessels (b) along the root axis for the different root types. Half val-
ues were applied when the transition between two maturation stages was observed.
The lines are a discretization of the local weighted regressions of the scatter plots.
(a) “na”=no hydrophobic barriers; “ecs” =endodermal Casparian strip; “sl”=fully
suberized endodermis; “ezcs”=suberized endodermis and exodermal Casparian
strip. (b) “wunmaz”=only the protoxylem vessels are lignified; “mmaz”=all xylem
vessels are lignified. The arrows point out where the endodermis is fully suberized
for the specific root type
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Figure 3.6: Hydraulic conductivity atlas along the different root types. (a)
Estimation of the k, for each generated root cross-section along the different root.
The side panel shows the two Doussan et al. estimations for k, and our
estimations in comparison. (b) Estimation of the axial hydraulic conductance for
each generated root cross-section along the different root. The side panel shows the
two Doussan et al. 1' estimations for K; and our estimations in comparison.

the free-hand cross-sections, the extraction of anatomical traits with
ImageJ, the generation of root anatomical networks with GRANAR,
and the estimation of three hydraulic scenarios with three different
types of hydrophobic barriers. On the contrary, one estimation for the
radial hydraulic conductivity from the root pressure probe takes at
least 3 to 5 h, as steady root pressure has to be established after the
connection between the root and the device (Li et al.,[2009). In both
cases, making free-hand root cross-section takes around 10 to 20 min
and is mandatory to link anatomical traits with hydraulic properties.
One should keep in mind that the experimental procedure is likely
to be more accurate, illustrating the usual tradeoff between precision
and throughput.
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Meunier et al. (2020)) showed that modifying hydraulic properties
changes the root system hydraulic architecture and thus affects the
whole root system conductance (K,). Tuning root hydraulic conduc-
tivity functions to match experimental data or test new hypotheses
through simulation studies could therefore show the local impact of
root anatomy or cell hydraulic properties on the whole root system
conductance. A better understanding of the effect of local root traits
on the global hydraulic behavior of the root system would enhance
the breeding efforts towards more drought tolerant cultivars.

We expect our analysis pipeline will be of particular interest with
new techniques such as the Laser Ablation Tomography (Strock et al.,
2019) and root traits recognition algorithm (Sosa et al., 2014). Those
techniques could drastically increase the number of root cross-section
images that can be taken on an experiment and the deep learning
approach can speed up the process of root traits extraction procedure
from those images. These are two limiting aspects in perspective of fur-
ther improvements of the estimation of radial hydraulic conductivities
along roots.

In comparison with the hydraulic conductivity atlas of (Doussan
et al., [1998b)), our data, for the different root types, show a drop in
radial conductivity closer to the tip. Our result is close to the one of
Zarebanadkouki et al. (2016]), who estimated that the first drop of k,
occurred after four centimeters within the stepwise function with three
transition zones due to the development of hydrophobic barriers. This
early drop is due to the deposition of suberin lamellae in endodermal
cell walls, which has been shown to be sensitive to environmental
conditions (Tylova et al.,|2017), so variability in its position along the
root can be expected. The proportionally smaller second drop due to
the addition of the exodermal Casparian strip is compensated further
away by the expansion of the stele and larger number of xylem vessels.
Those anatomical effects on the radial conductivity follow the same
trends as in Heymans et al. (2020). In our study, the estimated radial
conductivities are within the range of Doussan et al. (1998b)), and in
a slightly higher range relative to the estimations of Zarebanadkouki
et al. (2016|) and Meunier et al. (2018b]).

The use of the Hagen—Poiseuille equations to estimate the K, is
straightforward when the area of each xylem vessel is known. Our
predicted range and trends both match direct measurements by Me-
unier et al. (2018b) and estimations from Doussan et al. (1998b).
Uncertainties related to the application of the Hagen—Poiseuille law
have been discussed in the literature. Frensch, and Steudle (1989))
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have shown that it may overestimate experimental K, values by a
factor of two to five. This could be due to the presence of perforation
plates (Brodersen et al.,|2018; Shane et al., [2000)) or persistent xylem
cross-walls (Sanderson et al.,|1988). In this study, we did not divide
the estimated K, by a coefficient. The uncertainty of identification
of mature xylem vessels by the used staining procedure could shift the
transition zone shootward. Other staining procedures could lift those
uncertainties, such as the one with the Fluorol yellow 088 (synonyms:
2,8-dimethylnaphthol[3,2,1-kl] xanthene; Solvent Green 4, CAS 81-37-
8) and PEG 400 (PEG 400:glycerol:water = 10:9:1, v:v) allow intense
staining of lipids and suberin lamellae (Kitin et al., [2020). We also
assume that xylem sap has the same viscosity as water. This hypoth-
esis could be discussed in relation to xylem sap temperature or solute
concentration (Bruno, and Sparapano, 2007)).

The hydraulic conductivity atlas that we computed for this geno-
type in this precise environmental condition (Zea mays var. B73 in
pots) is an example case. Our methodology allows the inclusion of the
effect of root anatomical changes, the development of the hydrophobic
barriers, and takes into account the selected cell hydraulic properties
summarized in Section This study is the first to our knowledge
to propose a method to characterize a root hydraulic conductivity
atlas with such a high spatial resolution along roots and across five
different root types. We posit our approach will allow more realistic
parameterizations of functional-structural plant models targeting root
water uptake. Such a root hydraulic conductivity atlas can as well
be connected to complementary modeling tools (e.g., Meunier et al.,
2020)) to estimate hydraulic parameters such as the root system con-
ductance or the standard sink fraction for models working at larger
scales (e.g., Agee et al., 2021} Cai et al., 2018; Sulis et al., 2019, as en-
visioned by Passot et al.,|2019)). Future modeling studies could reuse
the anatomical networks and the root hydraulic conductivities that
we built on their root system architecture. This modeling framework
could as well be used inversely, to search for subcellular hydraulic
conductivities that reproduce measured hydraulic properties at the
root scale, as in Ding et al. (2020]), or at the plant scale.
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3.5 Conclusion

In this study, we showed how to use stained root cross-section im-
ages and computational tools (organ-scale root models: GRANAR
and MECHA) to create a high-resolution hydraulic atlas of a maize
root system (Zea mays var. B73 in our example). Our hydraulic
atlas includes hydraulic information (radial and axial properties) and
anatomical data along five root types (taproot, basal, shoot-born, long
laterals, and short laterals).

Anatomical differences along the root axes and between root types
have an impact on the radial and axial hydraulic properties of the
roots. The values and trends shown in this study are within the same
range as the estimations that can be found in the literature.

Compared with measures from root pressure probing, our method
has the advantages of being quick and produces high-resolution results
on any type of root. We expect our new methodology to be of great
use for further root hydraulic studies as it streamlines the estimation
of local root hydraulic properties from experimental data. These local
root conductivities can be used in functional-structural root models
to estimate macroscopic hydraulic properties. It opens the way to
test or benchmark the local impact of local root traits on the global
hydraulic behavior of a root system.
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3.6 Appendix

Figure 3.7: Overview of a maize basal root cross-section associated with the
measures taken with ImageJ to parameterize GRANAR. From left to right: ExW
= exodermis width, CoW = cortex width, EnW = endodermis width, nS = number
of stele cells along the transect, nMX = number of meta-xylem vessels, SD = stele
diameter, MXA = all meta-xylem area, nP = number of proto-xylem vessels, PeW
= pericycle width, CF = number of cortex layers, EpW = epidemis width. The
main transect was aligned where the cells were the most intact across the root
cross-section.
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In the previous Chapter, we presented a
new method to create root hydraulic at-
lases of root system from a combination
of root cross-section images and modeling
tools. However, during such process we
kept the subcellular hydraulic properties
constant.

We figured out that if we wanted to
include these hydraulic properties, we
needed a better understanding of how they
influence the root radial hydraulic con-
ductivities in combination with the root
anatomy. In addition, we wanted to de-
crease the computational time that was
going to be an issue if we wanted to es-
timate thousands of root radial hydraulic
conductivities. We already had in mind
that at one point we would generate thou-
sands of root systems with different root
hydraulic functions.

Thus, this next Chapter prepares the com-
putational tools that we required to esti-
mate the root radial hydraulic conductivi-
ties of thousands of roots. In addition, we
took advantage of this new computational
tool to check the proportional influence
of anatomical traits and subcellular hy-
draulic properties on the radial hydraulic
conductivity.






A BETTER UNDERSTANDING
OF THE HYDRAULIC
ANATOMY OF MAIZE ROOTS

This chapter is the edited version of a scientific article in preparation,
entitle as:

Adrien Heymans, Valentin Couvreur, Clément Saint-Cast, and
Guillaume Lobet. In silico analysis of the influence of maize
(Zea may) root hydraulic anatomy. (in progress)

ABSTRACT

N THE SOIL, roots are the entry point of the water into the plant.
They are, however, not necessarily efficient to let the water flow
through them. This is highly dependent on their hydraulic anatomy
which can be very diverse. This diversity of traits is visible between
species and even between varieties. Over a relatively short period of
time, plants can regulate their subcellular hydraulic properties. While
over a longer period of time, they can adapt their anatomy as well as
the deposition of hydrophobic barriers. These adaptations occur either
in response to developmental or environmental factors. Such changes
in the hydraulic anatomy have potentially large consequences on the
global water uptake performance. However, the quantification of the
influence of the hydraulic or anatomical traits at the root cross-section
level is experimentally challenging.

To overcome the experimental difficulty of measuring the root
radial hydraulic conductivity (k) and the corresponding root traits,
we used computational modeling tools. As the GRANAR - MECHA
coupling provides the ability to explore and test any hydraulic anatomy
and thus its influence over the k,., we estimated the k, of 7000 diverse
hydraulic anatomies of maize roots with three levels of hydrophobic
barriers deposition. Then, we trained machine learning models (meta-
models) to speed up the estimation of the k,.. These meta-models are
relevant tools to pin-point the direct influence of their input variables
on the k.. Hence, we conducted a variance decomposition test with
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the "extended FAST” and a ”Sobol” sampling methods to evaluate
the direct and interaction indices of five anatomical traits and three
subcellular hydraulic properties on the k.. We selected the range of
variations for these variables during a meta-analysis.

From the meta-analysis of the anatomical data-sets, allometric rela-
tionships were quantified between the cross-section area and the stele
area, and also between the stele area and the xylem area. However,
neither the ratio between the cross-section area and the stele area nor
the stele area vs. the xylem area explained more than 1 % of the
total k, variability during the global sensitivity analysis. The factors
which directly influenced the most of the k, before the suberization
stage, were the contribution of aquaporins to the cell membrane per-
meability and then the cell walls hydraulic conductivity. In addition,
the interaction effects of both these subcellular hydraulic properties
with the other variables were substantial (15-20 % of the variance
explained). However, after the suberin deposition, the k. was mostly
influenced by the conductance of individual plasmodesmata (67-72 %
of the variance explained). Although anatomical traits seems to be
less influential than the subcellular hydraulic properties radially, the
total effect index over the k, of the root radius was about 12 %, and
4 % for the aerenchyma proportion, before the suberization of the
endodermis.

The performed global sensitivity analysis suggests that the root
radial hydraulic conductivity is mostly influenced by subcellular hy-
draulic properties and to a lesser extent by the root radius and the
aerenchyma.

4.1 Introduction

In roots, the main radial fluxes of water occur along the paths of least
hydraulic impedance. These paths are spread in complex networks
that are formed by a combination of the apoplastic, transmembrane
and symplastic hydraulic pathways (Steudle et al.,|1993). These routes
are defined by the geometric cell arrangement and the hydraulic con-
ductivity of the different cellular compounds which compose them. In
addition, the deposition of hydrophobic compounds in some layers
(e.g., at the endodermis and/or the exodermis) of the root highly influ-
ence the partitioning between the different water pathways (Steudle,
2000). The anatomical architecture of the root sets the foundation
of radial hydraulic conductivity, as it is considered to be less plas-
tic than subcellular hydraulic properties which are more dynamically

92



4.1. Introduction

controlled by the plant (Hachez et al., [2012)). Therefore, to better
understand the components of the radial hydraulic conductivity (k)
and its leverage points, we would need to figure out the influence of
the root anatomy and the related subcellular hydraulic properties on
these key features of the water uptake.

The quantification of the influence of anatomical traits and cell hy-
draulic properties on the hydraulic conductivity remains challenging
due to complex and time-consuming experimental procedures. Assess-
ing their impact globally on the root system conductance is even more
complicated. However, current structural functional plant models
make it possible to simulate part of these water movement processes
in the plant. Although they may work at different scales or focus
on different aspects, allowing them to be connected in a structured
network of models containing several aspects of the whole root water
uptake process would overcome the difficulty of reaching the hydraulic
properties of the plants. It would also have the ability to investigate
the effects of certain sets of traits that would be hard to find in nature.
As suggested by Passot et al. (2019), we could use different computa-
tional models to simulate plants water uptake in soil with a coupling
between macro- and micro-scale models to address these questions.
Thus, computational models are potentially useful instruments for
virtual breeding as they allow the investigation of the performance
of any desired combinations of root traits (Chapman, [2008)). In addi-
tion, they can enable the quantification of the main influence of root
traits, but also, the total influence including interaction processes on
a series of variables which assess the overall performance within any
pedo-climatic scenarios.

Although in silico experiments of complex systems are fast in com-
parison to in vivo ones, the computational time can easily stretch as
the number of parameters to be tested increases. Doing exploratory
studies with modeling tools may help us to navigate across the root
traits diversity with a fairly high efficiency. However, a cross-talk be-
tween exploratory work using models and in vivo testing of promising
results should always be kept in mind.

At the cellular scale, the model of explicit cross-section hydraulic
anatomy (MECHA, Couvreur et al., [2018]) allows the estimation of the
radial hydraulic conductivity (k). This computational model works
at the cellular scale, explicitly taking into account portions of walls,
membranes, and plasmodesmata of individual cells. Consequently,
it unlocked the possibility to analyze the influence of subcellular hy-
draulic properties on the k,.. In addition, MECHA requires an accu-
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rate representation of the cell arrangement in the root cross-section
in order to estimate the radial fluxes of water across it. The digital
segmentation of a root cross-section is a limitation to the use of such
a model, as it is time-consuming, even with semi-automated software
such as CellSeT (Pound et al., [2012)). However, in combination with
a root anatomy generator (such as GRANAR), it opens the way to a
systematic analysis of the functional properties of a large number of
root anatomical traits and subcellular hydraulic properties.

Previously, sensitivity analysis with these computational models
were performed on some anatomical traits (Heymans et al., [2020)), as
well as on some different subcellular hydraulic properties (Couvreur
et al., 2018) to determine their impact on the k.. These modeling
approaches offered smooth trends over the individual influence of each
tested parameter on the k,. In addition, these trends are also sup-
ported by experimental measurements. Thus, it seems that the k, is
reduced when roots present large cortex width due to an increased
number of cortex cell layers (Chimungu et al., [2014b]), or large cortex
cell size (Chimungu et al., |2014a)). The aerenchyma lacuna seems
to reduce the water pathway by creating gaps in the cortex when
they form (Fan et al., |2007). Small stele diameter and, to a lesser
extent, low amount of meta-xylem vessels also decrease the k, (Hey-
mans et al., 2020)). The influence of subcellular hydraulic properties
on the k. is well established, via the contribution of aquaporins to
the cell membrane permeability (Javot, and Maurel, [2002), or more
recently, Couvreur et al. (2018) also showed how the cell wall hy-
draulic conductivity, or the conductance of plasmodesmata influence
the k,.. Both modeling and experimental approaches also showed that
the deposition of hydrophobic compounds in the cellular walls of the
endodermis act as barriers, forcing the water to rely more on trans-
membrane and symplastic pathways which reduce the &, (Couvreur
et al., |2018; Wang et al., [2019).

However, the combined effects between the anatomy and the sub-
cellular hydraulic properties is still poorly understood. The impact of
interaction effects between the different traits may also change depend-
ing on the hydraulic maturation scenario. For example: the impact
of the interaction between the aerenchyma proportion and cell wall
conductivity may differ under a hydraulic scenario where there is only
an endodermal Casparian strip, or where there is a fully suberized
endodermis with a Casparian strip on the exodermis.

To highlight the quantitative interaction between the different root
traits and better understand the effects related to the root traits diver-
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sity, we conducted a global sensitivity analysis. In order to constrain
the analysis within ranges that best reflect the reality, we embedded
it into a meta-analysis on root anatomical traits. This allowed us to
quantify the main and the total contribution of each studied anatom-
ical trait and the ones of the subcellular hydraulic properties. To
speed up the global sensitivity analysis part, we also trained different
machine learning algorithms which bypass the heavy computational
load of the GRANAR and MECHA models. We tested the response
of these meta-models to validate the approach for future applications
at the root system scale. Machine learning algorithms are often an
opportunity when large amounts of data (e.g., simulated data) are
available for their training and validation (Lobet et al.,|2017)). They
can be used to bypass long simulation time once they are validated
for a specific range of input parameters as they offer near ”real-time”
predictions.

4.2 Material and methods

To test the impact of the anatomy and the subcellular hydraulic prop-
erties simultaneously on the radial hydraulic conductivities (k,) we
performed a series of global sensitivity analysis. The model GRA-
NAR and MECHA allowed us to change the anatomical traits and
the subcellular hydraulic properties, respectively. The result between
the combination of these models is an estimation of the root radial
hydraulic conductivity (k;), for each root ”hydraulic anatomy”.

To reduce the scope of the analysis we worked with maize (Zea
mais) roots. The explanation of all selected input variables is detailed
in the two following subsections, but here is the list of the selected
anatomical traits that we included in the analysis: the root radius, the
ratio between the stele and the cross-section area, the ratio between
the xylem and the stele area, the cell wall thickness, and the ratio
between the aerenchyma area and the cortex area, hereafter, called
aerenchyma proportion. The selected subcellular hydraulic proper-
ties were: the cell wall conductivity, the aquaporin contribution to
the cell membrane permeability, and the conductance of individual
plasmodesmata.

Before conducting any analysis, we constrained the range of varia-
tion within predefined boundaries. To do that, we performed a meta
analysis of the root anatomical traits with some open anatomical traits
data-sets for maize (Zea mays).
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4.2.1 Meta-analysis on root traits diversity

The anatomical data-sets from Burton et al. (2013al), Chimungu et al.
(2014a), Gao et al. (2015), Heymans et al. (2021)), Wahl, and Ryser
(2000), and Yang et al. (2019) were used in this meta-analysis. All
data-sets were reformatted to fit into a variable list which includes the
total cross-section area (mm?), the stele area (mm?), the xylem area
(mm?), the number of cortex layers (#), the number of meta-xylem
vessels (#), and the aerenchyma proportion (%).

To estimate potential allometric relationships between anatomical
traits we performed mathematical operations to transform the data.
Allometric relationships were then established between the different
anatomical traits (Table[4.2.1). The mathematical operations used to
transform the data included: (i) the log. natural of the whole root
cross-section area vs. the log. natural of the stele area; (ii) the log.
natural of the stele area vs. the square root of the absolute value of
the log. natural of the meta-xylem area; (iii) the log. natural of the
stele area ws. the log. natural of the number of meta-xylem vessels;
(iv) the log. natural of the cortex width vs. the log. natural of the
number of cortex cell layers.

For simplification purposes, we made the hypothesis that the root
cross-sections and the meta-xylem vessels are cylindrical. Thereby,
the linear regression coefficients could be used to obtain all other
anatomical traits from the root radius. The estimated traits were
the stele diameter, the meta-xylem area, the number of meta-xylem
vessels, the number of cortex cell layers, and the cortex cell diameter.
The relations leading to their estimation are summarized in Table

This method allowed us to have the average root anatomical traits
from any root radius in the range of this meta-analysis. Then, we
added back some variation which would represent the root anatomical
traits diversity. This was achieved through two coefficients of variation,
one for the stele area, and a second for the xylem area. This left us
with only one set of equations and four parameters to describe the
root anatomical traits: the root radius, the coefficient of variation for
the stele area (Cvgere ), the coefficient of variation for the meta-xylem
area (CVzyiem ), and the aerenchyma proportion (P )

4.2.2  Generation of diverse root anatomies and subcellular
hydraulic properties

Once we gathered the four anatomical parameters to describe the root
anatomy, we added to the list a set of subcellular traits that could

96



4.2. Material and methods

Table 4.1: Range of variation for the different simulated hydraulic anatomies

Abbreviation, Unit Variable description Range of variation H

Coprx (%) Coefficient of variation from the [-30; 30]
expected ratio between the meta-xylem

area over the stele area.

Cvg (%) Coefficient of variation from the expected [-30; 40]
ratio between the stele area and the

root cross-section area.

Winhick (pm) Cell wall thickness [0.8; 2]
R (pm) Root radius [0.1; 1.5]
Pger (%) Percentage of aerenchyma area [0; 0.5]

over the root cortex area.

kw (em?hPa=1d™1) Cell wall hydraulic conductivity 2.5E7%; 2.4E73]
Kpr (em3hPa~td™1) Plasmodesmata hydraulic conductance [5A7E713; 5.3E710]
kaqQp (em?hPa=1d™1) Aquaporin contribution to the cell [4.5E7%; 4.3E73]

membrane hydraulic conductivity.

potentially affect the k,.. These added parameters were the root double
cell wall thickness (Wipickness), the contribution of aquaporin to the
cell membrane permeability (kagp), the conductance of individual
plasmodesmata (Kpy,), the cell wall hydraulic conductivity (kw ).

The boundaries for the Wipickness parameters were set from 0.8 to
2 pm. In Bouranis et al. (2003)) study, the average cell wall thickness
of maize root was measured at 1.5-1.6 um. Then, we added a +0.5 um
range to it to include thin cell walls and larger ones. As the subcellular
hydraulic conductivities are difficult to measure experimentally, these
parameters were contained in a range from 0.1 to 10 times a reference
value derived from literature. The kg p reference value was estimated
at 5.0107"m s !MPa~! from Ehlert et al. (2009). It was calculated
by blocking aquaporins with an acid-load treatment. The ky, of maize
root was measured at 2.81079m2s~'MPa~! by Zhu, and Steudle
(1991). The Kpy was estimated at 2.410~"m s~ ' M Pa~' (Couvreur
et al., |2018]), based on plasmodesmata frequency data from Ma, and
Peterson (2001), and the conductance of individual plasmodesmata
estimated by Bret-Harte, and Silk (1994).
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To explore broadly each parameter range and obtain a maximal cov-
erage of the multi-spectral dimension created by each input, we used
a pseudo random sampling with the Mauntz-Kucherenko’s scheme
(Saltelli et al., |2010; Tarantola et al., |2007) with a uniform distribu-
tion for all parameters (Table . The number of samples was
calculated as: N = 219(2k + 2) thus, equal to 18 432.

In the following, the anatomical traits with artificial variation
were used as input in the Generator of Root Anatomy in R (GRA-
NAR) to simulate the cellular arrangement of the root cross-sections
(Table . To increase the amount of possible successful root
anatomies generated, when the root radius was smaller than 0.2 mm
the aerenchyma proportion was reduced tenfold. For small roots, a
large proportion of aerenchyma, means that more than the possible
number of cortex cells should be removed because the cortical area
includes the epidermis, the exodermis and the innermost cortex cell
layer. Root anatomies presenting errors were discharged from the
analysis. These errors come from misplaced cells and unsuccessful
voronoi tessellation. The errors were randomly appearing across the
range of root cross-section generation procedures. The total number
of root cross-sections generated with no default was 6924 out of the
18 432. No retry with other randomizing seed were tested.

4.2.8 Estimation of the radial hydraulic conductivity

The model MECHA (Couvreur et al., 2018)) was used to estimate the
k. from all root cross-sections generated previously with GRANAR.
The scripts coupling these computational models are available on the
gitHub repository

https://github.com/HeymansAdrien/GranarMecha| (doi: 10.5281/zen-
0do.5582750)

The k, was estimated for three different hydraulic scenarios. A
first one with only an endodermal Casparian strip (En.s), a second
one with a fully suberized endodermis (Engysp), and a third one with an
exodermal Casparian strip and a fully suberized endodermis (Fx.s +
Ensub)-

4.2.4  Training the meta-models

The 6924 root cross-sections generated with their three associated
values of k, were imported in the R software (version 3.5.1, R Core
Team, 2018) to train the meta-models. Using this software, we used
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the library ’caret’ to train and validate the meta-models. The parti-
tioning between the data used to train and validate the meta-models
was eighty percent and scattered randomly across the whole range of
the k, values. To control the training process, a tenfold cross vali-
dation algorithm was applied, using root mean square error as the
metric to assess the training performance. The type of algorithms
that were tested were the ”support vector machine with radial basis
function kernel”, and the "random forest” ones. The mean values
of both machine learning methods were also evaluated to predict k..,
which was accounted as a third meta-model type.

The final evaluations between the meta-models were made by com-
paring the accuracy of each meta-model with a Student ¢-test, the
root mean square error, the r-square, and the normalized root mean
square error. Each machine learning model was trained five times
with different randomized seeds to provide the mean accuracy level
for each meta-model.

4.2.5 Global sensitivity analysis

To understand which anatomical traits and subcellular hydraulic prop-
erties influence the k, we did a global sensitivity analysis. The meta-
models with the best accuracy were used to predict k,. values for
the global sensitivity analysis in each of the three root maturation
scenarios.

The metrics used to evaluate the impact of each parameter on the
k, were Sobol’s indices, close to a Monte Carlo analysis. Sobol’s esti-
mators are divided into two types of indices. A direct variance-based
measure of sensitivity S;, called the ”first-order sensitivity index”, or
"main effect index”, and it is described by the following equation:

Vi
Si = VAR(Y) (4.1)

where V; = VAR(E[Y|X;]) is the expected reduction in variance
that would be obtained if X; could be fixed, and Var(Y) is the overall
variance of the output

Then, there is the ” Total-effect index” or ”Total-order index”, ST;.
This estimates the contribution to the output variance of X;, including
all variance caused by its interactions, of any order, with any other
input variables. It is given as:

Egi[VAR i (Eyi[Y]Xi])]

ST = VAR(Y)

(4.2)
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where F, ;[VAR . ;(E,;[Y|X;])] is the expected variance that would
be left if all factors but X; could be fixed.

The package “sensitivity” was used in the R software (R Core Team,
2018) to perform the analysis. Two methods were used to compute
these estimators: (i) the Mauntz-Kucherenko’s scheme (Saltelli et al.,
2010; Tarantola et al., |2007) to compute first order and total indices
using improved formulas for small indices (function: ’Sobol20077),
and (ii) the Saltelli’s so-called ”extendedFAST” method (Cukier et
al., [1978; Saltelli et al., 1999) (function: ’fast99’). Hereafter, the
first method was renamed ”Sobol” and the second "FAST” for more
clarity.

Both methods used different sampling sizes to estimate the indices.
For the FAST method, the sampling matrix had a Number of samples
of N = 2'2xk, thus N equals 32 768. Sobol’s approach used a sampling
matrix calculated from N = 2"(2k + 2), with h € [11;15]. Sobol’s
method was applied 20 times to have repetitions in the estimation
of the indices. For each repetition, h and the randomizing seed were
reshuffled. The average of the different indices was then taken into
account for the results.

4.2.6 Statistical analysis

All statistical analyses were conducted in the R software (version 3.5.1,
R Core Team, 2018). The function ’t.test’ used to assess the accuracy
of the meta-models vs. the ground-truth data for the validation proce-
dure comes from the ”stats” package. The R? values were computed
from the Im’ fit function within the same package. The function used
to compute the Pearson correlation coef. was the ’cor’ function with
the argument "use” = “complete.obs”. To calculate the allometry
coefficient between the different anatomical traits we used the ‘aov’
function within the same ”stats” package.

4.3 Results

4.8.1 Meta-analysis of root anatomical data-sets

From the anatomical data-sets from Burton et al. (2013a)), Chimungu
et al. (2014a)), Gao et al. (2015)), Heymans et al. (2021)), Wahl, and
Ryser (2000), and Yang et al. (2019)) a series of allometric relationships
were established between different anatomical traits. All transformed
anatomical traits showed a strong correlation with the associated
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anatomical traits. The results are presented in the Figure [£.1] and in
Table

Burton etal. 2013
Chimungu et al.2014
Gao etal. 2015
Heymans et al. 2020
‘Wahl and ryser 2000
Yang etal. 2019

g
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Figure 4.1: Allometry between root anatomical traits: A) Root cross-section

area [RXA] and stele area [TSAJ; B) Stele area [TSA] and xylem area [XVA]; C)

Stele area [TSA] and the number of meta-xylem vessel [nX]; D) The cortex width

(CW) and the number of cortex cell layers [CF|. The length unit is mm and the
area are expressed in mm?

We generated 6924 maize root cross-sections with a large range
of variation in terms of anatomical traits and subcellular hydraulic
properties based on very few parameters (Table. This was made
possible with the use of the identified allometric relationships between
anatomical traits. We estimated the radial hydraulic conductivities
(ky) for those generated anatomies using the model MECHA for three
hydraulic scenarios with different set of hydrophobic barriers: (i) with
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Table 4.2: Linear regression among the different Naperian logarithm of the root
anatomical traits

H Variable Equations P value R2 Pear. corr. H
TSA In(TSA) = —1.4217 + 1.1441 In(RX A) <2716 0.9684 0.9839
XVA VIIn(XVA)[ = 1.3955 — 0.2430 In(TSA) < 2e~ 6 09347  -0.9668
nX In(nX) = 2.9116 + 0.4459In(TSA) <2716 0.8834 0.9399
CF In(CF) = 3.1091 + 0.6719In(CW) <2e716 0.7543  0.8685

an endodermal Casparian strip (En.s), (ii) with an endodermis com-
pletely suberized (Engyp), and (iii) an endodermis suberized and an
exodermal Casparian strip (Enguy + E2es).

4.3.2  Machine learning algorithms facilitate the estimation of

Ky

The three machine learning methods used to predict k, were accurate
in the three hydraulic scenarios (Table . The Student t-tests
used to distinguish predicted values from the ground-truth data did
not show significant differences (p > 0.05, Table . By comparing
the average accuracy for each model type, we observed that the best
model types were the "mean model” (mm), the meta-model which is
the mean between the "support vector model” (svm) and the “random
forest model” (rf).

The meta-models, one per hydraulic scenario, were used to speed
up the estimation of k.. This reduced the computational time to
less than a millisecond instead of the broad time intervals between 30
seconds to 45 minutes for one GRANAR-MECHA simulation depend-
ing on the size of the root cross-section (including the loading of the
libraries).

4.3.83  Influence of the anatomy in combination with the
hydraulics

The different global sensitivity analysis conducted in the three hy-
draulic scenarios showed the influence of anatomical traits and the
subcellular hydraulic properties on the k,.. The two sampling methods
used to perform the variance decomposition show similar trends when

102



4.3. Results

Table 4.3: Machine learning model fitness to rapidly estimate k,. Five models
of each type were trained per hydraulic scenario. The ground-truth data obtained
from the coupling between GRANAR and MECHA was used to train and validate
these meta-models. The three meta-model types were: the support vector machine
with radial basis function kernels (svm), the random forest (rf) and the mean model
which is the average between the two predictions of the rf and the svm. The p-
value of the Student’s t-test for the evaluation between the predicted values and
the ground-truth data was considered as non-significant above 0.05.

Machine learning Norm. root R? p-value of
Hydraulic

methods to mean square (mean, the t-test
scenario

estimated kr error (n=5) n=5) (mean, n=5)

svm 2.010 % 0.981 0.912
Encs rf 2.785 % 0.968 0.891

mm 2.037 % 0.983 0.933

svm 2.267 % 0.984 0.843
Ensup rf 2.717 % 0.979 0.939

mm 2.080 % 0.987 0.925
Eng,p svm 2.219 % 0.984 0.906
+Excs rf 2.446 % 0.983 0.912

mm 1.963 % 0.988 0.927

hydrophobic scenarios increased from only the presence of a Casparian
strip to a complete suberization (Figure . However, the ranking
of the influence strength for the different variables changed depending
on the methods. Here, we summarized the impact of each factor when
similar trends were observed with both methods.

The most important factor of influence over the k, varied between
the scenarios. In the hydraulic scenario with the En.s, the aqua-
porin contribution to the cell membrane conductivity (kagp) had the
strongest direct impact on the k. (39 % of the variance explained).
When the endodermis was suberized (Engysp), the kagp influence de-
creased by a lot (< 5% of the variance explained). In that case and
also when there was an exodermal Casparian strip in addition (Engyp
+ E=z.s), the conductance of individual plasmodesmata (Kpr) was
influencing the most the k, (67 to 72 % of the variance explained).
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Figure 4.2: Variance decomposition following an extended Fourier Amplitude
Sensitivity Analysis Test (FAST) or a Sobol sampling (Sobol). The three matu-
ration scenarios were analyzed: En.s = Endodermal Casparian strip; Eng,, =
Complete suberization of the endodermis; Eng,p, + Fxc.s = An Exodermal Cas-
parian strip and a complete suberized endodermis. The height input parameters
of two variance decomposition methods are: Cvysx = coefficient of variation from
the standard xylem area ratio over the stele area; Cvgieje = coefficient of varia-
tion from the standard stele area ratio over the root cross-section area; Wip;cr =
the cell wall thickness; Rradius = the root radius; ky = the cell wall hydraulic
conductivity; Kpy = hydraulic conductance of the plasmodesmata; kagp = the
aquaporin contribution to the cell membrane hydraulic conductivity; Pge, = the
aerenchyma proportion in the cortex. The “main effect index” is the direct vari-
ance based measure of sensitivity. The “interaction effect index” is the part of the
variance which is not part of the direct variance but part of the “total effect index”
including all variance caused by its interaction with all other input variables.
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The cell wall conductivity (kw ) was also a major factor of influence
over the k,., but more so when there is only an endodermal Casparian
strip (from 22 to 26 % of the variance explained under En.s). Its im-
pact over the k, was decreasing with the deposition and the formation
of hydrophobic barriers. More lightly, the root radius (R, adius) also
had an influence on the k,., about 6 % of the explained variance un-
der En.s, but with the interaction effects, the total influence reached
12 %. After the suberization stage, its influence decreased with the
deposition of hydrophobic barriers. In opposite to the decrease of
influence with the deposition of hydrophobic barriers observed for ky,
and R,qdius, the kagp influence was partially restored in the hydraulic
scenario where the exodermal Casparian strips was added to the other
hydrophobic barriers (9 to 10 % of the variance explained).

While the root radius had relatively small influence over k., this
parameter revealed to be one of the major factors of influence over
the radial hydraulic conductance (Kr, Appendix Figure . Approx-
imately 21 to 23 % of the variance explain was mainly due to this
parameter across all hydraulic scenarios.

The ”direct” effects of all parameters exceeded the interaction
effects on the k.. However, the interaction effects added up substan-
tially to the corresponding ”direct” effect. With endodermal Caspar-
ian strips, two strong interactions with other variables influencing the
k. were identified: the interaction effect of the ky, which was about
15 to 19 % of the variance explained, and the interaction effect of the
kagp which was approximated at 20 % of the variance explained.

Among the weak influencing factors, the aerenchyma proportion
(Paer) accounted for 1 to 4 % of the variance explained. The other
factors of influence tested in this global analysis, the cell wall thickness
(Wihick), the ratio of xylem area over the stele area (Cvpsx) and the
stele ratio over the total root cross-section area (Cvgele), accounted
for less than 1 % of the variance explained.

Globally, all tested factors were positively correlated to the k..
with the exception of the P, and R,q4ius Which were negatively
correlated.

4.4 Discussion
The most accurate estimator for the root radial hydraulic conductivity

(k) was the average of both trained meta-models, which is often the
case when we refers to the ensemble theory (Dietterich, 2000). Overall,
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the trained meta-models were all accurate with less than 3 % of nor-
malized root mean square error. The average of the different trained
meta-models increased the accuracy by 1 %. The real time predictions
of the k, (60us / prediction) sped up the global sensitivity analysis
substantially. These meta-models enabled us to quickly perform a
Morris screening (Appendix and make the comparison between
different methods to obtain the Sobol’s indices. For future applica-
tions with the same range of variation of our study, these meta-models
could be re-use for the estimation of the k, and reduce drastically the
simulation time.

The results of the global sensitivity analyses confirmed the impor-
tance of the conductance of individual plasmodesmata (K py,) after the
suberization stage. This is consistent with the results of Couvreur et
al. (2018). They also showed that K p;, was the most limiting element
of the water pathway under the scenarios with the same hydraulic
barriers.

The contribution of the aquaporins to the cell membrane perme-
ability (kagp) was the most influencing factor on the k, before the
complete suberization of the endodermis. Once the endodermis walls
were hydrophobic the influence of k4gp decreased drastically, but it
was re-balanced lightly with the addition of the exodermal Caspar-
ian strips. The main hypothesis would be that aquaporins allow the
switch from the apoplastic pathway to transmembrane at the endoder-
mis and exodermis when there is a Casparian strip but no suberization
yet. In the case of complete suberization of the endodermis, the trans-
membrane transition occurs downstream and upstream of this layer,
increasing the length of the symplastic pathway, which then relies ex-
clusively on transport through plasmodesmata across the endodermis.
An example case with a visual representation of this phenomenon is
provided in Figure [£.3] Then, the Kpy, influences the rate of the cell-
to-cell water transport. In addition, the cell-to-cell water transport
is less conductive than the apoplastic pathway in most of the tested
cases. Hence, in the selected scenarios, the k4gp is thought to have
an impact on the partition of pathways, before and after apoplastic
barriers, where the water transport can become transmembrane if
the kagp is high enough. This is in line with the findings of Ding
et al.; 2020; Hachez et al., |2006| who observed specific ”light up” of
the aquaporins when a hydrophobic barriers are deposited. Therefore,
before the suberization stage, the k4gp had a strong impact on k,,
because the water transport is necessarily taking the transmembrane
pathway, without having to flow through the plasmodesmata.
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Figure 4.3: Partitioning of the radial water fluxes between the apoplastic and
the symplastic compartments. Example case of a maize root cross-section with
three hydraulic scenarios: (Encs) an endodermal Casparian strip, (Engy,p) an
endodermis completely suberized, and (Engyp + Ezcs) an endodermis suberized
and an exodermal Casparian strip. Red lines show the position of the hydrophobic
deposition. Dashed grey lines represent the discretization of different cell layers.
The epidermis cell layers on the left side of the graphics are in perfect contact
with the soil water and the center of the root cross-section is further on the right
but was cropped out of the graphics for clarity purpose.

The small importance of the xylem parameter on the k, reflects
a trend already observed in Heymans et al. . Although this
study showed that xylem area does not influences the k, as much
as the other parameters, this trait was actually less representative of
the actual diversity found during the meta-analysis of the anatomical
traits. Perhaps including a new input variable for the meta-xylem
vessel number which would increase the range could build up the influ-
ence of the xylem traits on the k,.. Nevertheless, it is most likely that
radially it does not contribute as much as the other tested variables
on the k.. The high potential impacts of the xylem factors on the
global water uptake dynamic are thought to be bigger as the axial
water movements are accounted for (Bouda et al., [2018)).

As we used the allometric relationships found during the meta-
analysis to generate realistic root anatomies, a few anatomical traits
inherit their values from the four selected anatomical traits (Root
radius, ratio of stele area vs. cross-section area, ratio of the xylem
area vs. the stele area, and the aerenchyma proportion). Some of
them, such as: the cortex cell size, and the number of cortex layers, or
the already mentioned number of meta-xylem vessels are subject to
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be less representative of the actual diversity found during the meta-
analysis of the anatomical traits (Figure in appendix [4.6)). However,
in Heymans et al. (2020), it was the cortex width as the integration
of both cell size and number of layers that influenced the k.

Although in Heymans et al. (2020), most anatomical traits showed
strong influence on the radial hydraulic conductivity, subcellular hy-
draulic properties were not included in that analysis. Under a larger
scope of investigation, the subcellular hydraulic properties lead to
larger variation than the anatomical traits. However, it does not
mean that anatomical traits do not have some influence on the radial
hydraulic conductivity. At the root system scale, Meunier et al., 2020
showed that the geometry rather than hydraulic properties matters
more for the root water uptake function. However, in their simula-
tions, the range of variation for these parameters was smaller than
the one tested here.

Nevertheless, the root radius parameter had a stronger influence
over the root radial hydraulic conductance. Thus, integrated into the
whole hydraulic network, we could expect that this parameter will
influence the global root water uptake function strongly.

In terms of equipment and expertise, characterizing subcellular
hydraulic properties are more demanding than for anatomical traits.
In practice, the hydraulic conductance of individual plasmodesmatal
pore is still near impossible to measure experimentally. However,
even if subcellular hydraulic properties may explain greater part of
the radial hydraulic conductivity, the anatomical traits influence are
easier and more accurate to include in future analysis with modeling
tools such as the one used in this study.

The small differences in terms of the influence strength shown by
the two different variance decomposition techniques are explained by
the two sampling methods. Using different techniques to perform a
global sensitivity analysis increases the robustness of the conclusions
(Cosenza et al.,|2013). Thus it is recommended if not too computation-
ally intensif. The extended FAST approach was less computationally
intensive than the Sobol method. However, the Sobol sensitivity anal-
ysis is more powerful as the number of input variables increases (Zhang
et al., |2015), the main drawback being the computational cost.

4.5 Conclusion

The meta-analysis of several maize root anatomical data-sets showed
that allometry relationships do exist between the root cross-section
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area and the stele area, as well as between the stele area and the xylem
area. These relationships can be used to describe a stereotypical maize
root anatomy from root radius in the range of 0.1 to 1.5 mm.

The trained meta-models presented good fitness in the estimation
of the root radial hydraulic conductivity (k) for the three tested
levels of apoplastic barriers deposition, relatively to the GRANAR
- MECHA coupling. The methods that presented the best accuracy
was by taking the average between the different trained meta-models.
This enabled us to have k, predictions in near real time from five
anatomical traits and three subcellular hydraulic properties in three
hydraulic scenarios.

The ”extendedFAST” and the ”Sobol” techniques used to perform
the global sensitivity analysis gave similar but not identical results.

The variance decomposition analysis of the meta-models on the k&,
showed that after the endodermal suberization stage, the conductance
of individual plasmodesmata (Kpy) is the most influencing factor on
the k.. Whereas, when there was an endodermal Casparian strip, it
was the contribution of aquaporins on the cell membrane permeability
that had the highest direct influence on the k., followed by the cell wall
hydraulic conductivity which also strongly influenced the k,.. More
lightly, among the selected anatomical traits, the root radius had the
highest direct and total effect indices.

4.6 Appendix

Supplemental Figures
Morris screening

The Morris screening (Morris, [1991) is based on the "hypercube”,
where the sampling strategy follows ”trajectory” with ”jumps” to
evenly sample in the multi-input dimensions. The function in R
used to perform the Morris screening was “morris” from the package
’sensitivity’. The number of selected "trajectory” was 20, the number
of levels used to correspond to the number of input variables (k = 8),
and we followed the recommendation of Morris (1991) to use k/2 for
the number of ”grid jumps”.

109



4. ROOT HYDRAULIC ANATOMY

Encg Engp Eng,, + Exg
CVix
Effect index
Cvstele
[ interaction

| main
Wihick ‘

Rradius

1Svd

ke I |
kAQP I
0

Paer

o

025 0.5 0.75 1 025 0.5 0.75 1 025 0.5 0.75 1

% Var. explained

Figure 4.4: Variance decomposition following an extended Fourier Amplitude
Sensitivity Analysis Test (FAST). The three maturation scenarios were analyzed:
Encs = Endodermal Casparian strip; Eng,, = Complete suberization of the
endodermis; Eng,, + Fxcs = An Exodermal Casparian strip and a complete
suberized endodermis. The height input parameters of two variance decomposition
methods are: Cvpsx = coefficient of variation from the standard xylem area ratio
over the stele area; Cvgiere = coefficient of variation from the standard stele area
ratio over the root cross-section area; Wip ;e = the cell wall thickness; Rradius
= the root radius; ky = the cell wall hydraulic conductivity; Kpy = hydraulic
conductance of the plasmodesmata; kagp = the aquaporin contribution to the
cell membrane hydraulic conductivity; P4, = the aerenchyma proportion in the
cortex. The “main effect index” is the direct variance based measure of sensitivity.
The “interaction effect index” is the part of the variance which is not part of the
direct variance but part of the “total effect index” including all variance caused
by its interaction with all other input variables.
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Figure 4.5: Morris screening on the k. to qualitatively measure the influence of
each input variables in each of the three hydraulic scenarios. The three maturation
scenarios were analyzed: En.s = Endodermal Casparian strip; Eng,; = Complete
suberization of the endodermis; Engy,, + Ezcs = An Exodermal Casparian strip
and a complete suberized endodermis. The height input parameters were: Cvpsx
= coeflicient of variation from the standard xylem area ratio over the stele area;
Cvgtele = coefficient of variation from the standard stele area ratio over the root
cross-section area; Wipier = the cell wall thickness; Rradius = the root radius;
kw = the cell wall hydraulic conductivity; Kpyr = hydraulic conductance of
the plasmodesmata; kagp = the aquaporin contribution to the cell membrane
hydraulic conductivity; Pae, = the acrenchyma proportion in the cortex. p = the
average of the absolute elementary effect (”Direct effect”), and o = the standard
deviation of the absolute elementary effect (”Interaction effect”).
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Figure 4.6: Allometry across anatomical traits
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PART III

WATER FLOW IN
THE ROOT
SYSTEMS






The third part of the thesis zoom out from
the root cross-section level. It integrates
the information gathered at the root cross-
section to the whole root system and in-
cludes it in an environment.

First, we combined models into a struc-
tured network in order to simulate the soil
- root water uptake dynamics. This al-
lowed us to pinpoint specific root anatom-
ical traits, subcellular hydraulic properties
and maturation rates which could improve
the root water uptake ability in a given en-
vironment.

Secondly, we tested in silico the hypothe-
sis that maize landraces could have a set of
root traits hydraulically adapted for their
native pedo-climatic conditions.

“The important thing about a problem is
not its solution, but the strength we gain
in finding the solution.” —

SENECA






ANALYSIS OF THE
INFLUENCE IN SILICO OF
HYDRAULIC ANATOMY ON
MAIZE ROOT WATER
UPTAKE

This chapter is the edited version of a scientific article in preparation,
entitle as:

Adrien Heymans, Valentin Couvreur, Clément Saint-Cast, and
Guillaume Lobet. In silico analysis of the influence of local
root traits on global root hydraulic dynamics. (in progress)

ABSTRACT

INDING PLANTS that are well adapted hydraulically to specific
F pedo-climatic environments is aimed for present and future yield
improvement and increasing the sustainability of our crop systems.
Cultivated plants that have been selected through traditional farming
systems in a region are most likely to express very different root
anatomies and root hydraulic properties from place to place. These
germplasms may have developed a root system hydraulic architecture
particularly adapted in their location. A better understanding of the
underlying properties could be put at use to target strategies, if needed,
which could increase their water uptake in these specific environments.

Here, we associated different models into a structured network
to virtually simulate water flow in the soil-root system over 30 days
of crop development. This Virtual Phenotyping pipeline for root
hydraulic traits (Hydraulic Viper) was built so we could pinpoint
specific root anatomical traits, subcellular hydraulic properties and
maturation rate which could improve the root water uptake in a cho-
sen pedo-climatic environment. We tested this hypothesis on maize
plants (Zea mays variety B73) and in three pedological conditions
under a high evaporative demand and water limiting conditions. We
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5. ROOT WATER UPTAKE DYNAMICS in silico

generated 7168 maize plants from a single set of architecture traits
but varying sets of anatomical traits, subcellular hydraulic properties
and maturation rates. All root traits were sampled in their uniform
distributions following pseudo-random techniques (Saltelli et al.,[2010])
for a Monte-Carlo like analysis. Then, we analysed their root water
uptake dynamics in all three environments.

We identified that the root radius of zero-order roots were the
most influencing variables over the root water uptake of these in silico
phenotypes. The phenotypes with a high contribution of aquaporins
to the cell membrane permeability and short delay between the suberin
deposition and the maturation of the meta-xylem vessels increased
their root water uptake when water was available. In each of the
three environments, we observed significant differences in terms of
root radii optimum when aiming for phenotypes which expressed high
cumulative water uptake and high cumulative water uptake per unit
of root volume. Next, we generated three batches of 56 new plants
designed for each one of the three tested environments. They were
able to take up high amount of water in total, at a low carbon cost.

Therefore, using the Virtual Phenotyping pipeline for Root hy-
draulic traits, it was possible to estimate potential optimum traits
depending on pedo-climatic constraints. These early in silico results
suggest that root radii, the contribution of aquaporins to the cell
membrane permeability, and maturation rates are important traits to
target when looking for adapted traits in specific environments.

5.1 Introduction

Irrigation has been traditionally used to counter the lack of rainfall and
soil water availability when plants are exposed to water limitations.
At the same time, it is costly economically and environmentally and
more so with the current climate change (Ronco et al., |2017). To
alleviate the potential issues related to limited water access, new types
of water practices emerged and some plant cultivars were selected
with drought tolerant traits (Raza et al.,|2012). In addition, breeders
have been focusing on yield stability, plant transpiration responses,
leaf growth, or temporal adaptation so plant resistance to drought
increased (Campos et al., [2004). More so, root traits selection has
been set aside of mainstream breeding programs, even if they fulfill
the major water uptake function. In some cases, seeking for drought
tolerance has led to a decrease of the root biomass and length within
a series of selection cycles (Bolanos et al., [1993; Fradgley et al.,|2020)).
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Methods to capture the complexity of the root system are complex,
expensive and rarely upscalable at the field level. The major difficulty
is the soil itself, which prevents direct experimental observation and
access to the roots. Fortunately, new methods start to scratch the sur-
face of this underground world (e.g. shovelomics), allowing researchers
to gather few yet important structural traits at the top of the root
system (Trachsel et al., 2011). In addition, some modeling tools use
state-of-the-art knowledge to recreate plants and their environment as
faithfully as possible. These modeling tools enable the quantification
of some biological processes, such as the partitioning of root water
uptake function, that are difficult to measure experimentally. They
allow the exploration of different combinations of phenotypic traits
that could offer higher water uptake for their study cases. At the field
level, it is complex to measure root traits in high throughput and at
the cell scales. This is a gap where structural-functional plant models
might help us understand the intricacy of the root water uptake func-
tion and provide insights for root traits base selection (Passot et al.,
2019; Relldn-Alvarez et al., [2016).

Understanding the root system architecture and its related hy-
draulic properties as a whole is needed to develop strategies that
would increase crop water uptake to specific pedo-climatic environ-
ments (Maurel, and Nacry, 2020). The structure of the root system
governed by architectural traits, such as the root growth rate or the
branching frequency, allow the roots to explore the soil domain and
reach accessible soil water. Then, the soil and root hydraulic properties
define the ease with which water can be absorbed from the soil. From
the bulk soil to the xylem vessels, these properties reflect frictions
along the water pathways, the soil but also the different cell layers
of the roots, and bypass hydrophobic barriers. Therefore, the full
comprehension of the roots ability to take up water requires the fine
knowledge of the root system hydraulic architecture at different scales.
Recent works aimed at better understanding the role of anatomy (Hey-
mans et al., [2020; Rieger, and Litvin, [1999), cell hydraulic properties
(Couvreur et al., [2018; Javot, and Maurel, 2002)), or soil hydraulic
properties (Carminati, and Javaux, 2020) over the root water uptake.
However, individual traits are usually analysed independently to the
others, and not always integrated to the global soil-plant system.

At the root system scale, the maize root system hydraulic architec-
ture solver (MARSHAL) (Meunier et al., 2020) can be used to quickly
estimate a series of macro-hydraulic properties, such as the equivalent
root system conductance (K,), or the standard uptake fraction (SUF).
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Those macro hydraulic properties can implicitly take into account the
whole root system hydraulic architecture and be defined at the plant
scale, as well as over the entire soil domain (Couvreur et al., |2012)).
Associated with a hydrological model and the ”macroscopic” water
uptake model of Couvreur et al. (2012)), MARSHAL could enable the
simulation of plant water dynamics within a soil. This would provide
an exploratory tool to test different sets of root traits and evaluate
their potential effects on the global root water uptake dynamics.

In this study, we associated different models into a structured
network to virtually simulate water flow in the soil-root system over
30 days of crop development. This phenotyping pipeline was built so
we could pinpoint specific root traits at the root cross-section scale
which improve the root water uptake in a chosen soil type. Then,
we focused at better understanding whether the subcellular hydraulic
properties and the root anatomy which were influencing the root radial
hydraulic conductivity at the cross-section scale reflect themselves in
a similar way at the plant scale. We tested this hypothesis on maize
plants (Zea mays var. B73) and in three pedological conditions under
a high evaporative demand.

5.2 Material and methods

5.2.1  Simulation design

For this study, the three chosen pedo-climatic conditions were three
different soil types in Palermo (Italy) for 30 days between the months
of May and June 2018. This location was chosen because maize
plants could have high potential evaporative demand and face scarce
rainfall events, which could trigger water stress but also potential re-
covery (Details in Appendix . We generated 7168 maize plants
with a root system architecture based on experimental data from the
cultivar B78 (Details in subsection GitHub repository: Hy-
draulic Viper/Hydraulic Viper ). The root system architectures are
similar to one another but a small deviation (10%) was included
in that parametric space. The differences between these in silico
phenotypes were focused on anatomical traits, subcellular hydraulic
properties, and root maturation rates (Table . All traits were
sampled from their uniform distributions following Tarantola et al.
(2007) and Saltelli et al. (2010) techniques for a Monte-Carlo like
analysis. Sobol’s approach used a sampling matrix calculated from
N = 2"(2k + 2), where h = 8 and k = 13.
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Table 5.1: Range for the input variables used to estimate k, and K, along the
root axis

H Abbreviation, Unit

Variable description Range of var. H
Coprx (%) Coefficient of variation from the [-20; 20]
average ratio between the meta-xylem
area over the stele area.
Cvg (%) Coefficient of variation from the average [-30; 40]
ratio between the stele area and the
root cross section area.
Rpat (pm) Lateral root radius [100; 150]
Rgem (pm) Seminal root radius [200; 400]
Rspr (pm) Shoot born root radius [300; 700]
Pger (%) Percentage of aerenchyma area [0; 0.5]

over the root cortex area.

kw (ecm?hPa=1'd™1) Cell wall hydraulic conductivity [1E74; 4E74]

Kpr, (em®hPa~td™1) Plasmodesmata hydraulic conductance 6E~13;, 1E~ 1]

kagQp (ecm2hPa=td™1) Aquaporin contribution to the cell 2E~%; 7.5E™%]

membrane hydraulic conductivity.

dts_arx, (day) time delay between the beginning

[-0.5; 4]
of the endodermis suberization and
of the meta-xylem maturation.
dtyrx, (day) duration of the maturation [1; 4]
of the meta-xylem vessels
dtyyp, (day) duration of the deposition of hydrophobic [1; 4]

barriers or the delay between

two levels of hydrophobic barriers
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Hydraulic Viper

The whole Virtual Phenotyping pipeline for root Hydraulic traits
(Hydraulic Viper, Figure worked as follow: (i) generation of root
system architecture (RSA), (ii) associations of the radial and axial
hydraulic conductivities (k, and K,) on the root types axis depending
on the root anatomy, subcellular hydraulic properties and maturation
rates, (iii) simulation of an initial soil water profile (Vo1 water), (V)
estimation of the root system hydraulic architecture (RSHA), (v)
For every time steps, there was an update of the Wy, water and the
root system hydraulic architecture. Then, for the next time step, we
updated the estimation of the Soil-Root system hydraulic architecture
accordingly to the previous Wi water- (vi) In the feedback loop, there
was a comparison and an update of the collar water potential (U..;)
to match the potential shoot water demand (T},,¢) with the root water
uptake rate (T,et). In addition, the ¥, was contained above -15 000
hPa to take into account maize isohydricity behavior.

5.2.2  Root system hydraulic architecture

We used the CPlantBox model (Zhou et al.,|2020) to simulate the 3D
explicit root system architecture (RSA). The root system parameters
were derived from a pot experiment in UCLouvain greenhouse where
the maize cultivar B73 grew for 18 days. Plant materials and growing
conditions were the same as in Chapter [3] section [3.2.1] The root sys-
tems were carefully washed after 18 days, and the roots were scanned
on a flatbed scanner. Root traits needed for the parameterization
of the five root types of the maize root system of CPlantBox were
extracted with the plugin SmartRoot (Lobet et al.,2011)) from ImageJ
(version 1.47) and processed in the R software (R version 3.5.1). The
complete protocol used to simulate the maize cv. B73 can be found
on a GitHub repository (github.com/HydraulicViper/HydraulicViper,
doi: 10.5281/zenodo.5582750).

As we accounted for anatomy, we selected three independent root
radii, one for seminal roots, one for shoot-born roots, and one for
lateral roots (Table . Among the seminal root radius, the basal
root radii were resized as 75 % of the tap root radius. For laterals,
long lateral root radii were increased by 25 % from the other short
laterals. These small changes are related to observation made on our
scanned maize root systems. Then, for the shoot-born roots, their root
radius (r;) were resized according to their emergence time (DelaySB)
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Soil water

Macro
hydraulic
properties

Figure 5.1: Overview of the virtual phenotyping pipeline for root water uptake
(Hydraulic Viper). (1) Generation of the root system architecture (RSA); (2)
association of the k, and K, on the root types axis; (3) simulation of an initial
soil water profile (W41 water); (4) Solving the root system hydraulic architecture
(RSHA); (5) comparison between the root water uptake rate (Tuct) with the
potential water demand (Tpo¢). If needed, update of the collar water potential
(Wco1); (6) updated the soil water profile based on the implicit root water uptake
model, and the atmospheric data. From this point, there is a loop on the soil
water profile and the RSHA. (7) The atmospheric data were used to estimate the
evapotranspiration rate of reference (ETp) and the Leaf Area Index (LAI). From
the LAI, the crop coefficient (K.) was estimated which was used to estimate the
Tpot.
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relatively to the final recorded time (7) with the function:
ri =1 +1r; % (Ty — DelaySBy — (Ty — DelaySB;))/10 (5.1)

This enabled us to take into account the influence of the node level
on the shoot-born root radius. The relations are based on an analysis
of the root diameters of Yang et al., 2019.

After importing the root system architecture in Hydraulic Viper,
we reclassified the root based on their radius with twenty classes which
translated into twenty root hydraulic conductivity functions.

FEstimation of k, and K,

To associate the estimated k,. and K, values along the root ages, we
created functions that would convert root ages into maturation stages,
similarly to what we observed at Chapter[3] The visual representation
of the functions is shown in Figure [5.2]

We reused the meta-models trained in Chapter [4| to provide the
radial hydraulic conductivity (k,) from the set of anatomical traits
and subcellular hydraulic properties. The parameters and their range
are described in Table Each k, value was related to a specific
stage of hydrophobic barriers deposition. The anatomical traits were
also used to isolate the number of proto- and meta- xylem vessels and
their sizes. Then, from this information we estimated two axial hy-
draulic conductance (K, ) which would represent two levels of vascular
maturation. The estimation was made using the Hagen-Poiseuille law:

o S
z = Zl g (5.2)

where r is the radius of the i-'" xylem vessel, and 7 the water dynamic
viscosity around (1m Pa s)

5.2.83  Environmental feedback
Soil water profile

The soil water profiles were estimated with the model Hydrus-1D
(Simtinek et al., 2008). We selected three soil texture types with strong
differences in terms of hydraulic properties: (i) silty clay, (ii) loam, and
(iii) sandy loam. The water flow in the soil followed the single-porosity
hydraulic model of Van Genuchten and Mualem with no hysteresis.
The upper boundary condition was set with atmospheric values from
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K
¥
Kx :
Time
................ Exodermis,
......... PR _ Endodermis
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Figure 5.2: Age dependent hydraulic functions creating an offset between k, and
K, along the root. Conceptual representation of the variation of radial (k) and
axial (K;) conductivities due to the maturation of hydrophobic structure (dashed
red lines = Casparian strip; full red lines = complete suberization of the cell walls)
and the maturation of the meta-xylem vessels (blue lines). LAUZ = duration
of the unbranched zone (day); dts—_arx = time delay between the end of the
suberization of the endodermis and the beginning of the meta-xylem maturation;
dtp = duration of the deposition of hydrophobic barriers or the delay between
two levels of hydrophobic barriers; dtj;x = duration of the maturation of the
meta-xylem vessels.

weather data (Details below) and potential surface run-off. The soil
depth was established at 2 m and the lower boundary condition was
set as free drainage. In addition, the Couvreur et al. model of
”macroscopic” root water uptake model regulated the amount of water
which was taken up by the plant at each soil layer. Thus, the macro
hydraulic requirement for Hydrus to simulate water flow in the soil-
plant system were, the root water uptake rate (RWy:), the Standard
Sink Fraction including the local soil hydraulic conductivity (SSF),
the equivalent soil-root system hydraulic conductance (K,s), and the
compensatory soil-root system hydraulic conductance (Kcomp, s)-

Each soil-plant simulation started with a uniform soil water profile.
The soil water potential was first computed at the field capacity of
the different soil types, then dried up by multiplying by two these
values. As a result, the initial soil water potential of the silty clay soil
was at -708.8 hPa; the loam soil was at -265.7 hPa; the sandy loam
soil was at -147.0 hPa. This way, we expected to mimic a soil which
is already depleted of some of its water. All generated root systems
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were virtually put in all three soil types.

Dynamic adjustments between the soil and the RSHA

During the 30 days growing period, a feedback loop between the macro-
hydraulic properties and the soil water profile was implemented in the
virtual phenotyping pipeline to simulate the root water uptake dynam-
ics. We made the choice of working with variable time steps: from
0.05 to 0.2 days depending on the conductance ratio of the equivalent
soil-root system (Kj,.s) and the root system (K,s) to account for the
drop of local soil zone hydraulic conductivity in the soil due to soil
drying. To compute the equivalent soil-root radial hydraulic conduc-
tivity (kreq) we used a set of equations from Meunier et al., |2018a;
Schroder et al., 2009, Van Genuchten, |[1980; van Lier et al., 2006/ which
are detailed in Appendix [5.6.3] The radial hydraulic conductivity of
the soil-root was then used to find most macro-hydraulic hydraulic
properties.

Estimation of the macro-hydraulic properties

The macro-hydraulic properties were estimated with the Maize root
system hydraulic architecture solver (MARSHAL; Meunier et al.,
2020). This model used the RSA, the related root hydraulic con-
ductivities, the W.,;, and the soil water profile to compute the K.,
the RWg.:, and the Standard Uptake Fractiorﬂ (SUF) which trans-
late directly into SSF when applied to the soil domain. In addition,
a module was added into MARSHAL for the estimation of the K,
(Appendix . It was computed following Meunier et al. (2018al),
based on the local soil hydraulic conductance related to the local soil
water content and the relative root zone of influence. This implied
that, at each time step, we updated the equivalent soil-root radial
hydraulic conductivity with Schroder et al. (2009) geometric param-
eter and van Lier et al. (2006) half distance between the root and
the bulk soil (Appendix . Thus, it also changed the SUF to a
soil influenced Standard Uptake Fraction (SUF) which would be the
relative distribution of radial fluxes of water through the soil-root in
a uniform soil water profile. Then, for each time step, Kcomp, s Was

IThe Standard Uptake Fraction (SUF) represents the relative distribution
of root water uptake in a uniform soil water profile, based on the root system
hydraulic architecture.

126



5.2. Material and methods

computed with the following equation:

(\I/s - \I/s eq) : (Jr @ SUFS - RWact)
Keomp. s = : 5.3
Tl ) - (Ve — ) >3

where J,. is a vector of the sum of the water uptake of the root
segments in each soil layer, Uy is vector with the water potential of
the bulk soil near the roots of a defined soil layer, and ¥, ., is the
equivalent soil water potential felt by the plant, including the soil zone
hydraulic conductance defined as:

N
Upeq= ), Wory* SUF,
j=1

As the transpiration rate should be the minimum between the root
water uptake rate and the shoot water demand, we evaluated the shoot
water demand. The estimation was done with the Penman-Monteith
method (Allen, and FAO, (1998, Appendix and the crop coef-
ficient derived from Campos et al. (2017). The specific meteorology
data for Palermo (Italy) for 30 days between May and June 2018 were
downloaded from the NASA Power project (Sparks, 2018)). Script
and data are available on the Hydraulic Viper GitHub repository (doi:
10.5281/zen0do.5582750). There was a + 14 to 10 hours day-night
cycle, with a stepwise function, and night transpiration rates was es-
timated at 18 percent of the day time transpiration rates based on
Tamang, and Sadok (2018) work.

5.2.4 Statistical analysis

All statistical analyses were conducted in R (R Core Team, [2018)).
The different functions used in the global sensitivity analysis come
from the package “sensitivity” (Iooss et al., 2021)).

To compare the influence between the different root traits that
were tested, we used a sensitivity index:

Vi
S; = !
VarY

(5.4)

where V; = MS# is the expected reduction in variance that
would be obtained if the ‘%’ input variable (X;) could be fixed, and
Var(Y) is the overall variance of the output.

The ANOVA conducted for this purpose was applied on a model
where we measured the direct influence of all input variables on the
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root water uptake at each time step independently. This was achieved
with the function ’aov’ from the ”stats” package. The root water
uptake variables were standardized at each time step.

One-way ANOVAs were conducted to test the hypothesis that
efficient phenotypes share the same input range across the different
soil types. Tukey Tests were then performed to compare the soil type
groups from each other with the function "TukeyHSD’ from the ”stats”
package.

To test if two distributions were similar, we used the Kolmogorov-
Smirnov test with the function ’ks.test’.

When comparing the frequencies of finding ”adapted” phenotypes
within the boundary of the ”"highly efficient” ones, we used the function
‘rtabs’ from the ”stats” package.

5.3 Results

From the root system architecture of cultivar B73, 7168 maize root
systems with small variability from one another were generated suc-
cessfully. An example case of the root system architecture which was
generated is shown in the Figure[5.3] All these root systems shared the
same root architectural traits, but each one was unique in terms of root
placement due to the inherent model stochasticity. We were able to
simulate the root water dynamics of all growing root systems in three
different soils, taking into account anatomical traits, subcellular hy-
draulic properties and maturation rates. The interaction between the
soil water profiles and the root system hydraulic architectures resulted
in root water uptake pattern which were evolving through time, linked
to the distribution of roots but also to the micro-hydraulic properties
(k, and K) directly influenced by the selected input variables.
During the growing period, the root water uptake rate was soil
dependent. We observed that the most significant differences between
soil types appeared after 15 days. In the silty clay soil type, the simu-
lated plants slowed down the water uptake rate more strongly than in
the other soil types (Figure . Consequently, the cumulative root
water uptake (Y, WU) was impacted by the soil type factor. After 30
days, it created strong differences between the overall plant water up-
take depending on the soil types (P value < 0.05). All input variables
had an influence on the root water uptake dynamics. The influence
due to individual traits variation across phenotypes is illustrated with
an example case in Figure [5.4] and detailed in the next subsection.
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Figure 5.4: Root water uptake rate in the three different soil types. The at-
tributed contribution of aquaporins to the cell membrane permeability (kagp;
cmhPa~1.d71) was coloured to highlight potential differences between pheno-

types.
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5.3.1 Influence of the hydraulic anatomy on the water uptake
dynamics

To evaluate the influence due to individual factors (X;), we quantified
the “direct effect” (S;), expressed here as the % of variance explained
by X, at each time step along the growing period. The cumulative
water uptake was defined here as the integration of root water uptake
rates over time. During the growing period, the direct influence of the
different root traits on the cumulative water uptake changed (Figure
. Before the 9*" day, the radius of the seminal roots (Rsem) was the
most influential factor on the cumulative root water uptake (> WU)
and its influence was increasing as the plant grew. After that peak of
influence on the 9t" day, the Rge,, influence dropped. However, the
decrease of influence for the Rge,, was soil type dependent. In the
sandy loam soil, the strongest decrease of influence was observed for
this factor but it was in the silty clay soil that it was at the minimum
at the end of the 30 days (p-value = 0.025). The decline was lessened
in the case of the loam soil.

However, when looking at the “direct effect” of the Rge.n, on the
root water uptake rates, some occasional peaks of influence occurred
briefly during the growth period. From the 20" to the 25" day, the
influence of the Rg.,, over the root water uptake rate regrew up to
+0.5 of the variance explained in the silty clay soil (Appendix Figure
. In addition, during that moment, the Rg.,, was negatively
correlated to the root water uptake rate in this soil type.

The contribution of aquaporins to the cell membrane permeability
(kagp) strongly influences the cumulative root water uptake. Two
peaks of influence were noticeable, the first one around the second day
and the second one after 13 to 15 days. After the second peak, the
kaqp influence decreased at different rates depending on the soil type.
In the sandy loam soil, it continuously shrank. Whereas, in the loam
and in the silty clay soil the weakening trends stop after the 237¢ day
to re-increase slowly. In the silty clay soil, the regrowth of influence
was steeper than in the loam soil but it did not reach the same level
of influence as in the loam soil which kept an overall steadier kagp
influence.

The impact of shoot-born root radius (Rsgr) started one day after
their emergence. The influence of this factor was increasing as the
plant grew, but reached a plateau after 25 days. However, the height
of the plateau seems to be soil dependent. In the sandy loam soil, the
Rspr explained a greater part of the total variation than in the loam
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soil. However, in the silty clay soil, a sudden drop of Rge,, influence
on the root water uptake rate occurred briefly from the 20 to the 25"

day (Appendix Figure [5.11)).

Time (day)

Figure 5.5: Hydraulic anatomy influence on the cumulative root water uptake

across the growing period in the three pedo-climatic environments. The three

soil types are represented by different dashed patterns. kagp = the aquaporins

contribution to the cell membrane permeability, dtg_jrx = delay between the

end of suberin deposition in the endodermis cell walls and the beginning of the

meta-xylem maturation, Rge,, = root radius of the seminal roots, Rggr = root
radius of the shoot-born roots.

The impact of the delay between the end of the endodermal suberin
deposition and the beginning of the meta-xylem maturation (dts_prx)
started around the 9*" day and reached a peak of influence on cumu-
lative root water uptake around the 22"¢ day. In the sandy loam soil,
that peak was observed earlier and higher than for the other tested
soil types.

The other input variables were contributing to a lesser extent to the
cumulative root water uptake. Among them, the cell wall hydraulic
conductivity (kw) influence reproduced a similar pattern than the
kagp but with a smaller amplitude. The same can be said for the
hydraulic conductance of individual plasmodesmata but with an even
smaller amplitude.

131



5. ROOT WATER UPTAKE DYNAMICS in silico

The lateral root radius (Rpq:) influence grew more or less steadily
along the growing period but remained low in general. However, Ry q;
influence was slightly higher after 20 days in the silty clay soil than
for sandy loam soil, in addition, the tendency for the loam soil was in
between.

Among the small contributing factors to the explained variance,
the duration for the deposition of hydrophobic barriers (dtpp) was at
its highest around the 20" day.

5.3.2  Soil feedback on water uptake

The soil water content and its hydraulic properties impacted dynami-
cally the way the root system perceived its surroundings. In addition,
the phenotype’s specificity also influenced the soil hydraulic conduc-
tance in their soil zone of influence. The Standard Sink Fraction
(SSF) was more impacted in the sandy loam soil than in the other
soil types. Figure [5.6|illustrates this phenomenon in an example case.
The depth for the preferential water uptake in a uniform soil water
potential shifted strongly from shallow to deeper soil layers in the
sandy loam soil with the decrease of local soil hydraulic conductivity.
This trend was followed for all phenotypes placed in the sandy loam
soil. On the contrary, there were only minor modifications to the SSF
in the other soil types.

Influence of the hydraulic anatomy on the equivalent conductance
ratio

Within the tested climatic scenario, the impact index of the equivalent
conductance of the soil zone within roots influence (% = \) started
decreasing from the 15" day. This index essentially responds to
variation of the soil hydraulic conductivity as perceived by the root
system. Thus, it shows how the water depletion in the soil zone within
roots influence changed the root water uptake.

Beyond day 15, A showed marked responses across all soil types,
though the strongest response was observed in sandy loam (A < 0.4 at
the end of the growth period; Figure . The equivalent conductance
ratio dropped in the silty clay, and the loam soil, but this decrease
gradually diminished more rapidly than in the sandy loam soil. In the
silty clay soil, the phenotypes with steeper initial slope were associated
with a quicker and deeper plateau than the ones with a more moderate
reduction of the impact index.
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Figure 5.6: Soil water profile records for one example case: the upper panel
display the Standard Sink fraction (SSF, -) along the growing period; the lower
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Figure 5.7: Retention curve of the three soil types.
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Figure 5.8: Visualization of the conductance ratio between the equivalent soil-

root system (Ksrs) and the one of the root system (K;s) in the three different

soil types. The initial root radius of the shoot-born roots (Rspr) was coloured
to highlight potential differences between phenotypes.

When we looked at which input variables had a strong “direct
effect” on the impact index of the equivalent conductance of the soil
zone within roots influence (\), we observed that the kagp was the
most influential variable (% of variance explained > 0.4 after 20 days).
Then, the second input variable to influence the impact index () was
the seminal root radius (Rsem ). However, it influenced mainly in the
silty clay and in the loam soil. In the sandy loam soil, the root radii
were less influential, especially from the 18" to the 29*" day, where
the Rspr explained less than 1% of the total variance of the impact
index.

Another soil related observation was that beside their hydraulic
properties, the initial water content was different between the soil
types. The sandy loam soil had an initial water content higher than
the one of the silty clay soil. The initial water content of the loam
soil was in between the other two.

5.3.8  Root water uptake efficiency

As we identified key root traits that could explain root water uptake
variability, we went one step further and tried identifying the root traits
in each soil type that could provide high cumulative water uptake and
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high root water uptake efficiency. We also tried to narrow down the
distribution of the potential root traits of interest. The root water
uptake efficiency was calculated as the cumulative water uptake
divided by the net root volume.

For each soil type, the phenotype which belonged in the quantile
(> 75%) with the highest cumulative root water uptake at the end
of the growth period (30 days) were marked. This allowed us to
set a minimum threshold at 2.436 L.plant™! for loam soil, at 2.526
L.plant™* for the sandy loam soil, and at 1.430 L.plant™! in the silty
clay soil. Then, we marked the phenotypes in the quantile (> 75%)
with the highest cumulative root water uptake per net root volume
(L.cm®). With these, we set another minimum threshold at 0.1759
L.cm™3 for the loam soil, at 0.1777 L.cm ™3 for the sandy loam, and at
0.1116 L.cm~3 in the silty clay soil. The phenotypes included in both
categories were then classified as "highly efficient”. The distribution
of their input was then compared to the other phenotypes.

The distribution of the Rspr, of the dts_px and of the kagp
for the "highly efficient” phenotypes were significantly distinct from
the input distribution of the other phenotypes (P value < 0.01). In
addition, the Rgpr optimum within the distribution was soil type
dependent (P value < 0.05). Among the efficient phenotypes, the
seminal root and the lateral root radius were also soil dependent. The
conducted Tukey test showed that efficient phenotypes had different
root radius averages depending on the soil types. However, there
were no significant differences between the dts_nrx or kagp for the
different efficient phenotypes across the different soil types.

The average value for each trait of the ”highly efficient” pheno-
types in the three soil types are summarized in Table Next, the
average input values of the "highly efficient” phenotypes were re-used
to simulate 168 new phenotypes, 56 per targeted soil type. Hereafter,
these new phenotypes are called “adapted”.

The ”adapted” phenotypes were virtually replaced in the three
same pedo-climatic conditions. They were found again in average
above the designated thresholds (Figure Table . However, for
their specific environment, no significant difference in terms of cumu-
lative root water uptake nor in terms of cumulative root water uptake
per root volume were found between the "adapted” phenotypes. Nev-
ertheless, a significant difference in terms of root volume was observed
between phenotypes adapted to silty clay compared to phenotypes
adapted to other soil types (p value < 0.05).

We calculated the probability of finding ”adapted” phenotypes
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Table 5.2: Adapted root traits for efficient soil dependent root water uptake

Variables, Units Loam Sandy loam Silty clay
Rsem (pm) 313 301 294
Rspr (um) 435 445 419
Riar (um) 131 129 133
Cusiete (%) 11.38

Cumx (%) 2.14

dtup (day) 2.15

dtyx (day) 2.52
dts—_mx (day) 0.58

kw (cm?.hPa"tday™1) 2.80E~*

kagp (em?.hPa~tday™') 6.33E%

Kpr, (em®.hPa=tday™?') 6.15E 12

P, (%) 24

Table 5.3: Performance score of the three ”adapted” phenotypes to their specific
soil type. The scores were expressed in percentage of finding in silico phenotypes
(n = 56) above the two threshold lines for the environment they grew up in. If
P-value are < 0.05 the probabilities were considered significantly different from

each other
Targeted soil type Loam Sandy loam Silty clay
Adapted for Loam 82.14 69.64 41.82
Adapted for Sandy loam  71.43 53.57 18.18
Adapted for Silty clay 66.07 46.43 36.36
Chi-Squared 3.38 6.04 7.78
p-value 0.185 0.049 0.020
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Figure 5.9: Visualization of the total water uptake after 30 days of the ”adapted”

phenotypes vs. the “highly efficient” phenotypes from the first large sampling.

The cumulative root water uptake (L.plant=!) and the root volume (cm3) are

displayed to show the total range of variation. The other phenotypes from the first

large sampling show the diversity of responses, and the potential overall influence

of the kagp (em2?hPa~1d=1). The red dashed lines represent the designated
threshold value to be considered as ”highly efficient”.

among the "highly efficient phenotypes” for the specific environment
they grew in (Table . No significant difference was observed be-
tween the probabilities of being above the threshold in the loam soil
between the different types of ”adapted” phenotypes. However, in the
sandy loam soil and in the silty clay soil, the probabilities of being
among the "highly efficient” were different across the different types
of "adapted” phenotypes (Table.

5.4 Discussion
The sensitivity analysis performed on thousands of in silico root sys-

tems, in three soil types, showed that local traits related to the hy-
draulic anatomy of roots have an influence on the global root water
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uptake dynamics. Furthermore, the range of variation for these traits
were used to narrow down efficient in silico phenotypes with high
water uptake. They expressed different optimum values within the
range of variation in comparison to others. These optimum values
also changed, depending on the soil type constraint. The way each in-
dividual root trait interacted with each other seems to be more or less
consistent across the different soil types. However, by the end of the
growing period (30 days), the consistency was less pronounced. We
observed that in water deficit, specific root traits expression resulted
in different quantities of water taken up in total.

5.4.1 Root anatomy influences on root water uptake

In the tested environments and on a fixed root system architecture,
adapting root radius seems to provide a number of leverage points to
achieve high cumulative water uptake and high water uptake efficiency.
The influence of the seminal root radius on the cumulative water
uptake was dominant in the beginning of the growth period and started
to diminish as soon as the shoot-born root appeared. Whereas the
seminal roots played an important first role at providing the early
water needs, once the shoot born roots were able to take up water, they
quickly became the primary source of water supply. This hypothesis
is supported by the sudden increase of root water uptake rate just
after the 9" day. However, the shoot-born root radius influence on
the cumulative water uptake outperformed the seminal root radius
influence only 5 to 6 days after their emergence, thus, compensating
almost all the variability induced by the seminal root radius.

Yet, the sudden change of water uptake which coincided with the
appearance of shoot-born roots reveals that their sets of hydraulic
conductivities enable them to take up larger amounts of water and
more rapidly than the seminal roots. Their large radii were related
to a high number of xylem vessels which then translated into higher
axial hydraulic conductance, more so closer to the tip, in comparison
to other root types which had smaller and fewer xylem vessels. This
difference in terms of axial hydraulic conductance played a determin-
ing role on the water uptake rate. More so, 5 to 6 days after the
emergence of shoot-born roots, when their meta-xylem started to ma-
ture, it coincided with the drop of the impact index for the hydraulic
conductivity of the soil zone with roots influence, and a fast drying of
the shallow soil layers. In addition, it suggests that shoot-born roots
were able to take up a high proportion of the water along root seg-
ments which had suberin deposition but mature meta-xylem vessels.
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These observations on the shoot-born roots water uptake dynamics
are also shared by experimental study (Ahmed et al., 2018)).

In our study, the axial hydraulic conductance seems to be more
sensitive to root diameter than to the ratio between xylem and stele
area. A potential cause is that the settings for allometry strongly
influenced anatomical traits (Chapter 4} Figure . It may explain
the proportionally small influence of the coefficient of variability for
the ratio between xylem and stele area. Here, we hypothesize that
the proportion of the cross-section occupied par the stele or the xylem
proportion in it would be more influential if the tested range of root
radius was smaller.

5.4.2  Subcellular hydraulic properties influence on the root
water uptake

The sensitivity analysis showed that, root radius aside, the contri-
bution of aquaporins to the cell membrane hydraulic conductivity
was a highly influencing variable. Dynamically, the level of influence
brought by this variable changed periodically as the plant grew, which
would imply different levels of combination of events for the kagp to
be more influential. A possible explanation is that the first peak of
influence happened when seminal roots were actually taking up most
of the water, then as the lateral root counts increased, the seminal root
function shifted toward hydraulically lifting the water. The second
peak, around the 15" day, happened when the shoot-born roots were
potentially the largest contributors to the radial flux. The following
decrease could be attributed to the soil drying in the shallow layers,
which impeded large fractions of shoot-born roots to take up water
as they were closer to the surface.

At the root cross-section level, the kagp was shown previously
to be the most influential factor before suberin deposition (Chapter
. Again, the high kagp influence was observed, but this time at
the global scale. This would suggest that most of the water flow
occurred where the root segments did not yet display endodermal
suberin deposition. If water uptake was primarily located after suberin
deposition, we would have observed a greater influence of hydraulic
conductance of individual plasmodesmata, which was not the case.
In addition, when we observed the radial water fluxes per segment
length normalized by the total water uptake, the so-called standard
uptake density (SUD), as a function of the root segment age, most of
the radial fluxes occurred when the roots were young. To illustrate
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this phenomenon, Figure shows an example case of the standard
uptake density for one root system after 30 days.

Conductivity root type
20

0.0015

0.001

Standard Uptake Density (cm™)

0.0005

0 10 20 30
Root age (day)

Figure 5.10: The standard uptake density (SUD, cm™!) of one root system

displayed as a function of the root segment age. Each line corresponds to one

root and the colour conveys the root conductive typology. The root conductive

typology goes as follow: 1 = tap root; 2 to 10 = lateral roots; 11 to 13 = basal
roots; and > 13 = shoot-born roots

5.4.83 Timing effect

Once the zero-order roots started to be long and mature (+ 7 to
8 days), a reduced delay between the suberin deposition and the
beginning of meta-xylem maturation increased their water uptake.
The effect of this delay on the cumulative root water uptake was
increasing as the shallow soil layers got depleted of their available
water. This suggests that root systems with reduced delay have a
better access to the deeper soil water resources. In addition, it has
a direct positive influence on the equivalent root-system hydraulic
conductance.

However, the positive impact of this delay was challenged in the
silty clay soil. Indeed, in that soil type, as all variables that had a
strong positive effect on the root water uptake rate until the 20" day,
these variables also had the inconvenience of quickly exhausting the
soil of its available water. In this particular scenario, soil hydraulic
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conductivity limited water uptake by shorter shoot-born roots, reduc-
ing their share of the water uptake. On the opposite, the proportion
of water was then mostly taken up by the deepest seminal roots. After
the 22"¢ day, the shoot-born roots grew deeper and were then able to
take up more water again.

5.4.4 Drainage and water storage capacity

The silty clay soil is thought to be the only tested pedo-climatic
scenario where plants experienced strong drought stress. Although,
for the sandy loam, the impact index of the hydraulic conductance of
the soil zone within roots influence was heavily impacted, there was
still water available for the plant at deeper depth. The rearrangement
of the standard uptake fraction due to shallow dry areas which lowered
drastically the local soil hydraulic conductance reshaped the way the
plant absorbed water.

5.4.5 FEngineering root traits to optimize water uptake and
efficiency

Using the virtual phenotyping pipeline for root hydraulic traits, we
were able to estimate potential optimum traits depending on specific
pedo-climatic constraints. These early in silico results suggest that
root radius and subcellular hydraulic properties are important traits
to target when looking for adapted traits in specific environments.
These results are likely to be affected by some model assumptions.

The root radii were directly related to the root volume, which was
here used as a proxy for the metabolic cost. These root radius variables
were then given an additional weight when evaluating the root water
uptake efficiency. This could explain why among the ”highly efficient”
phenotypes, the different root radii were the only root traits that were
soil dependent. Changing the root cost function when evaluating the
root water efficiency could have changed the outcome when we clas-
sified the overall water uptake of the different phenotypes. However,
when it comes to quantifying the metabolic cost of a root, further
research is needed. Indeed, although we removed the aerenchyma
volume from the initial estimation of the root system volume (Schnei-
der et al., 2017), we did not take into account the cortex cell size
(Chimungu et al., 2014al) which could also potentially have a impact
on the global carbon cost.

The extra simulations, did not show that ”adapted” phenotypes
take up water differently in their designated environment. Slight differ-
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ences in terms of probability of being above the designated threshold
were found in the sandy loam and in the silty clay soil. However, the
overall water uptake was not significantly different from each other
in either of the three soil types. Further investigations with higher
sampling matrix size should then be able to provide insight about the
interconnection between the different root traits. Nonetheless, these
“adapted” phenotypes expressed good water uptake efficiency and they
still manage to take up a high amount of water in total.

The way each individual input variable interacted with each other
seems to be more or less consistent across the different soil types.
However, by the end of the growing period, the consistency was less
pronounced. We observed that in water deficit, specific root traits
expression resulted in different water uptake amount.

5.5 Conclusion

We associated models in a structured network to better understand
which root traits at the root cross-section level and within which
range could be put to use to develop strategies that would increase
crop water uptake in specific pedo-climatic environments.

Within the framework of our analysis, the root radius of zero-order
roots were the most influencing variables over the root water uptake
of in silico phenotypes. The contribution of aquaporins to the cell
membrane permeability also played an important role in terms of root
water. This adds up to the theory that young and not yet suberized
root segments achieve the main root water absorption function. In
addition, the shoot-born roots with their high axial hydraulic conduc-
tance, even close to the root tip, provided highly conductive roots
that have the ability to take up large amounts of water.

Another variable that influenced the root water uptake dynamics
was the delay between the suberin deposition and the maturation of
the meta-xylem vessels. It affected the equivalent hydraulic conduc-
tance which consequently led to higher root water uptake rate when
water was within reach.

The way anatomical traits, subcellular hydraulic properties and
maturation rates contributed to the cumulative water uptake was dy-
namically changed along the growth period. Their impact scaled-up
at the root system scale and affected the local soil hydraulic conductiv-
ities as well. The local soil hydraulic conductivity was related to the
water depletion. These reductions of local soil hydraulic conductivity
changed the standard sink fraction. This phenomenon was increased
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in the sandy loam soil which was the most conductive soil type in-
cluded in the analysis. Once the soil dried over several depth layers,
the impact of all major input variables to the cumulative water uptake
were then soil dependent.

The virtual phenotyping pipeline for root hydraulic traits enabled
the estimation of potential optimum traits depending on pedo-climatic
constraints. These early in silico results suggest that root radius, sub-
cellular hydraulic properties and maturation rates are important traits
to target when looking for adapted traits in specific environments.
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5.6 Appendix

5.6.1 Influence of the hydraulic anatomy on the root water
uptake rate

Pa kAQP dtS-MK kW

% War. explained

CVgiee dtyg

Figure 5.11: Hydraulic anatomy influence on the root water uptake rate during
the growing period in the three pedo-climatic environments. The three soil types
are represented by different dashed patterns (— = Loam; - - - sandy loam; — — silty
clay). P, = cortical aerenchyma proportion, K 4qp = the aquaporins contribution
to the cell membrane permeability, dtg_ s x = delay between the end of suberin
deposition in the endodermis cell walls and the beginning of the meta-xylem
maturation, ky = the cell walls conductivity, Kpy the hydraulic conductance
of individual plasmodesmata, R;,; = root radius of the lateral roots, Rgem =
root radius of the seminal roots, Rggr = root radius of the shoot-born roots,
Cvgiele = coefficient of variation for the ratio between stele and cross-section area,
dtgp = duration of the establishement of a hydrophobic barrier deposition and
the delay between two stages level of hydrophobic barriers, dtj;x = duration of
the maturation of the meta-xylem, Cvpsx = coefficient of variation for the ratio
between the xylem and the stele area.
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5.6.2 Shoot water demand

The shoot water demand was estimated with the Penman-Monteith
framework (Allen, and FAO, . The required meteorology data
were provided with the NASA POWER package which gives access
to global meteorology, climatology and surface solar energy upon any
geographic coordinates (Sparks, [2018). The estimated standard evap-
otranspiration (ETp) was derived as:

T 0.408A(RH_G)+’Y(%)UQ (es —ea) .
0~ A+ (1+0.34us) (5:5)

T°C

25 . Temp 25
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Figure 5.12: Weather during the 30 days of the simulation in Palermo (Italy)
for the three soil types during May - June 2018. Prec = Precipitation (mm/day),
Tpot = potential shoot water demand (mm/day), and Temp = temperature (°C)

where ETy is the reference evapotranspiration (mm.day=!), R,, is
the net radiation at the crop surface (M.J.m™2day~"), G is the soil
heat flux density which was assumed to equal 0 when the time step
between estimation is on the order of the day (M J.m~2day~1), T is the
mean daily air temperature at 2 m height (°C), us is the wind speed
at 2 m height (m.s™!), es is the saturation vapour pressure (kPa),
whereas ea is the actual vapor pressure (kPa), A represent the slope
of the vapor pressure curve (kPa.°C~1), and v is the psychrometric
constant (kPa.°C~1).
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Once the ETy was estimated, we derived the crop coefficient (K..)
from Campos et al. (2017) with the equation:

K, =1.1(1 — e(-(GDD/620)°) 4 (1

where GDD are the ” Growing Degree Day” with a base temperature
of 10 °C. This fitted function is valid until £700GDD.
Therefore, the potential shoot water demand (Tpo) = K. - ETp.

5.6.8 Soil hydraulic properties in root vicinity

Radial flow from or to a root through a soil resistance.
Following van Lier et al., [2006], the half distance between roots can
be expressed as:

1
7RLD;

Rm,j =

where RLD); is the root length density in the j-th layer of the soil
according to the depth axis.
The ratio between the half distance and the root radius itself is called
pj:
R j
r

P =

and used in the next equation to set the dimensionless parameter B
which take into account the geometrical disposition of the roots in a
soil layer.
2(1 — p?
B, - i (1—-p7)
~2p2(Inp; — 1/2) 1

The soil properties were obtained via the Mualem—van Genuchten

parameterization (Van Genuchten, |1980), where the soil saturation
degree (©) was computed through the following equation:

1
CE "
(1 + | Wik soil, j =)

where m = 1 — 1/n. And the empirical soil hydraulic parameters are
a (L71), n and .

Ksoil = Ksat * 6)\(1 - (]- - @A/m)m)?
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where Ko (Ld™!) is the saturated soil hydraulic conductivity.
When this soil conductance is associated in series with a root radial

conductivity, the equivalent conductance is (Meunier et al., [2018a):

ky* Kgou2mlr B
Bx Ky + 1k,

Ki7 eq —

Then, the equivalent hydraulic conductance of the soil and root is
converted towards the conductivity values to be incorporated into the
analytical solution of the water flow:

K
k’r’ oo = 1, eq
T oy

Therefore, by changing the hybrid analytical-numerical method for

solving water flow in hydraulic architecture of Meunier et al., [2017b)
we get:

Vo1 + Ve

1)) (5:6)

27Ky eq,i

hydraulic-specific root segment properties including the soil zone within
their influence.

Thus, by rearranging the equation of the maximum root water
uptake:

Teq,i-li
JT7EQ:i = Q*K&Li*tanh (%) * (\I/bulk: sotl _(

where Keq; = \/27r7"l- *Kpeqi* ke and Teqs = are

RWpo = AU % K, (5.7)

where AV is the largest possible water potential difference between a
wet and uniform soil water profile, and the plant collar. The hypoth-
esis that we took is that, in this scenario, soil water is at -0.01 M Pa
and the leaf water potential is at -1.5 M Pa. Which corresponds to a
well-watered soil and high evaporative demand. The water potential
within the plant collar was approximated as the leaf water potential.
This would hold true if shoot hydraulic conductance was very high
and the plant rather small.

The equivalent soil-root system hydraulic conductance:
> r.eq,t

AV
when all WUy,1k 501 values are equal to -0.01 M Pa.

Ksrs =
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In the previous Chapter, we created a
virtual phenotyping pipeline for root hy-
draulic traits. Although, we knew that
the root system architecture should have
significant impact over the root water up-
take performance, we only worked with a
fixed root system architecture. However,
including the whole spectrum of root sys-
tem phenotypic diversity would increase
too much the number of plants that should
be tested and not feasible anymore, com-
putationally speaking.

Thus, we wanted to select plants that
should be locally adapted to specific pedo-
climatic conditions to reduce the scope
of our analysis. From that, we had the
chance to work with (Zea mays) landraces
from very distinctive locations. Theoreti-
cally, they should express a level of local
fitness adaptation. As such, we thought
that it could be a great entry point to test
if our models could show the water uptake
dynamics of theses in silico plants, and
perhaps show how these plants are locally
adapted (or at least hydraulically).






IN SILICO EVALUATION OF
MAIZE LANDRACES WATER
UPTAKE IN THEIR OWN
NATIVE PEDO-CLIMATIC
CONDITIONS

This chapter is a practical application of the Virtual Phenotyping
pipeline for Root hydraulic traits that we developed previously in
Chapter [5] Therefore, the material and methods section are very
similar.

This chapter is an edited version of a scientific article in prepara-
tion, entitle as:

Adrien Heymans, Chloee McLaughlin, Ruairidh Sawers, and
Guillaume Lobet. in silico evaluation of root trait adaptations
of maize landraces to their native pedo-climatic conditions. (in
progress)

ANDRACES are agronomically adapted plants to their local pedo-
L climatic conditions, and they are thought to have very different
root anatomy and root hydraulic properties from place to place due
this local adaptation. However, the contribution of the root system
hydraulic architecture to the local fitness of such plants is still poorly
understood. A better understanding of the underlying properties
could be used to develop strategies that would increase crops water
uptake under specific pedo-climatic environments.

Here, we used the Virtual Phenotyping pipeline for root hydraulic
traits (Hydraulic Viper) to test the hypothesis that landraces have a
set of root traits adapted for their native pedo-climatic conditions. We
parameterized eight different Mexican maize (Zea mays) accessions
based on a pot experiment from which the root system architectural
traits and root anatomies were extracted from root scans and laser
ablation tomography, respectively. The soil texture properties (clay,
silt and sand fractions), and the meteorological data of the different
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geographic regions were acquired from open access resources. This in-
formation was used to re-create the virtual pedo-climatic environments
of the location of origins. In total we simulated 4127 root systems
and evaluated their water uptake dynamics in the eight environments
of origins.

Among the in silico plants, the ones with fast growing seminal roots
were able to take up more water than the others in most of the tested
environments. However, the root systems that took up the largest
amount of water were generally the root systems with the minimum
efficiency (defined as the cumulative transpiration per unit of root
volume). It was especially true when the in silico plants were limited
by the potential evaporative demands driven by the plant growth and
the climatic conditions. The only major exceptions were in the most
constraining environment. In that environment, the landrace with the
fastest growing basal roots and the fewest amount of shoot-born roots
were the one that transpired the most in total and was also the most
efficient ones.

The Hydraulic Viper allowed us to test the root hydraulic anatomy
of in silico landraces and evaluate their water uptake dynamics in
their environments of origin. The different sets of local root traits
resulted in different water uptake dynamics which were, surprisingly,
weakly related to their native pedo-climatic conditions. Further test-
ing, feedback from field experiments, and better integration of other
root functions are needed to evaluate the fitness of root systems hy-
draulic architecture in specific pedo-climatic conditions.

6.1 Introduction

Recently, the concept of non-unique, site-specific phenotypes linked to
high water uptake efficiency and high root water uptake performaneeﬂ
emerged in the scientific literature (Tardieu et al., |2017)). First, it
started with the idea of a hypothetical root-ideotype, referenced as
the best possible phenotype which optimizes soil resources acquisition
in common environments (Lynch, 2013). The features of this root-
ideotype envisioned by Lynch (2013]) was mostly architecture oriented,
with steep, deep, and cheap roots. Then the concept of eco-ideotype
tried to balance the supremacy of this previous phenotypic state,
with the fact that one well fitted phenotype for one environment may
not be the best in another (Tardieu, [2012). Finally, not far from

I'Water uptake performance refers as the cumulative root water uptake in
comparison to other plants growing in the same environment
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the eco-ideotype concept, Tardieu et al. (2017) reshaped it to the
non-unique site specific ideotypes with a good trade-off between the
transpiration potential and the soil water depletion risk. The ”benefit-
risk” approach implies a profound knowledge of the pedo-climatic
condition of the crop site to be able to choose phenotypes that will
express the right state of phenes at the right time.

Therefore, being able to predict what would be the right set of traits
along the growing period requires prescient capabilities. Fortunately,
landraces are thought to have adapted traits to their native pedo-
climatic conditions, as they are the fruit of long term selection in
specific locations (Newton et al., |2011). Furthermore, they should
also be nutrient use efficient as they are linked to low input farming
practices, which is a requirement for crop sustainability (Newton et al.,
2011)). Thus, we could phenotype landraces and identify key root traits
which would be beneficial in scenarios that are similar to the location
of origins of these lines. To do that, we would need to evaluate the
different plants root water uptake in these scenarios.

Alternatively, it could be achieved through the simulating of pos-
sible scenarios and evaluating within multiple in silico plant water
uptake dynamics which ones express good trade-off in terms of wa-
ter uptake wversus soil water depletion. While measuring the root
water uptake dynamically on thousands of plants that are composed
of thousands of roots is, in practice, not yet feasible, computational
models can be used to bypass experimental constraints and explore
complex dynamic systems from conceptual knowledge. Most models
simulate part of a complex system, but their association into struc-
tured networks can be used to determine key phenomena that were
hidden when studied alone (Passot et al.,|2019; Relldn-Alvarez et al.,
2016)). The recent development of a model network into a virtual
phenotyping pipeline (Chapter |5 allowed us to estimate root water
uptake dynamics by solving the root system hydraulic architecture
and quantifying macro-hydraulic properties in different pedo-climatic
conditions. These macro-hydraulic properties define where and how
much water can be absorbed and are soil dependent (Couvreur et al.,
2012; Meunier et al., [2020).

Here, we used the Virtual Phenotyping pipeline for Root Hydraulic
traits (Hydraulic ViPeR) to estimate the root water uptake dynamics
of eight maize (Zea mays) Mexican accessions. The evaluation of
their cumulative root water uptake was done in the eight typical pedo-
climatic environments corresponding to their eight locations of origins.
The in silico landraces were parameterized from a pot experiment
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where the eight landraces grew in a greenhouse, and the virtual pedo-
climatic environments were reconstructed from open access resources.

6.2 Materials and methods

6.2.1 Plant materials

To test the hypothesis that landraces could potentially be adapted to
their local hydraulic environment, we selected eight Mexican maize
ascensions from very contrasted environments and geographic regions
(Figure Appendix Figure . These hereafter so-called “lan-
draces” are CIMMYT maize accessions (Scott et al.,|2020) that were
selected as representative of their race (Genetically and/or morpho-
logically related plants from the same area).

The landrace Conico and Palomero Toloqueno are both known to
grow in high elevation sites, in soil with low phosphorus availability,
and with an early planting month (March). The landrace Reventador,
Jala, and Tabloncillo are geographically close and globally rainfed, but
the area of origin of the landrace Reventador has a low elevation. The
landrace Gordo comes from the Norden Mexican region and has one
of the driest environments of origin. Whereas, the landraces Nal Tel
and Zapolate Chico come from the most tropical regions, with hot and
humid environments. From the principal component analysis, which
was done prior to this study, the location of origin of the landrace
Nal Tel clustered far from the other landrace on the first PCA axis

(Figure in appendix).

From the experimental root systems, we also extracted root anatom-
ical traits. For each of the landraces, from 8 to 12 images of the seminal
roots cross-section were gathered with the laser ablation tomography
technique. From these pictures, with ImageJ, we measured the area
of selected cell tissues: the area of the root cross-section (RXA), the
area of the stele (T'SA), the area of all the xylem vessels (XV A), and
the area of the aerenchyma lacuna (AA). Then, we calculated the
ratio between the stele area and the cross-section area (T'SA/RX A)
as well as the one between the stele area and the xylem (XVA/TSA).
From that, we estimated the coefficient of variation of these parame-
ters from a referential based on the root radius (% of variation from
the referential). The referential values resulted from a typical root
where all anatomical traits are derived from the root radius of the
studied root and the allometric relationships established previously
(Chapter . These relationships were not specific to these eight lan-
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QRO b b

CHIHUAHUA

State

Year

Chihuahua
Jalisco
Mexico
Michoacan
Nayarit
Oaxaca
Yucatan

2015
2016
2017
2018
2019
2020

Number of dry days over 60 first days (3#)

225 250

Mean Temperature (°C)

Figure 6.1: Origins of the eight lines selected in the Multi-parent Advanced
Generation Inter-Cross (MAGIC) accessions (Scott et al., |2020]).
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draces. These coefficients and parameters were then used to generate
root cross-sections from their root radius (Figure |6.2)).

Conico Gordo Jala Zapolate Chico

mm

Nal Tel Palomero Tologueno Reventador Tabloncillo

Figure 6.2: in silico replicates of the seminal roots of the MAGIC landraces.

6.2.2  Virtual pedo-climatic environments

To create a unique environmental constraint specific to each one of the
eight native regions, we downloaded soil and meteorological data with
the gps coordinates of the different location of origins from different
web open-access resources.

The clay, silt, and sand fraction for each soil were gathered from
the website soilgrids.org. The virtual soils of origin were approximated
to be constituted with only one media of 2 m depth. We used the
module Rosetta (Schaap et al., included in Hydrus-1D software
(Simfmek et al., D to estimate the soil hydraulic parameters of
each soil type (Table .

The meteorological data were acquired from the NASA Power
project (Sparks, . The data from the year 2020 were the one
used to set the virtual climatic conditions. As in Chapter |5 the
estimation of the shoot water demand was done with the Penman-
Monteith method (Allen, and FAO, and the crop coefficient
derived from Campos et al. . This method allowed us to take
into account the canopy growth as a function of the number of day
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degrees (Base temperature of 10°C). Shoot growth was therefore site
dependent. Since we only had information about the root system of
the different landraces, the same shoot water demand properties were
shared with all the plants grown in the same environment.

6.2.3 Ezperimental design

For each landrace, we wanted to have well replicated references in
their own environment of origin. Thus, we simulated each landrace in
their own environments +300 times. Then we simulated each landrace
+30 times in all the other virtual environments.

The subcellular hydraulic properties, and the maturation rates
(meta-xylem maturation, hydrophobic barrier depositions and interval
between these depositions) that were not measured experimentally,
were sampled from a smaller range than in Chapter [5| (Table in
appendix). The small ranges were selected to reduce the number of
replicates needed to have a valid estimation of the landrace effect. The
sampling method followed the pseudo-random techniques of Saltelli
et al. (2010) within uniform distribution for all parameters.

6.2.4 Statistical analysis

All statistical analyses were conducted in R (R Core Team, [2018]).
The different functions used to sample pseudo-randomly the input
variables were from the package “sensitivity” (Iooss et al., 2021)).

The ANOVA conducted to estimate the differences of root water
uptake between the landraces in each native environment was achieved
with the function ’aov’ from the ”stats” package. The selected mod-
els took into account all the root traits variables that were sampled.
These root traits were: the contribution of aquaporins to cell mem-
brane permeability, the cell wall hydraulic conductivity, the hydraulic
conductance of individual plasmodesmata, the delay between the end
of the endodermal suberization and the beginning of the meta-xylem
maturation, the duration of the maturation of the meta-xylem, and
the duration of the maturation of hydrophobic deposition. Then, to
compare groups, the function "TukeyHSD’ was used.

6.3 Results

In total, 4217 maize root systems were generated (Figure [6.3)), which
represented around 510 in silico root systems for each landrace. For
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each one of these root systems, the root water uptake dynamic was
simulated in one of the eight possible pedo-climatic conditions.

Conico Gordo Jala Zapolate Chico

A

-40

- V: 4.66 cm® V: 15.22 cm® V: 25.35 cm V: 12.37 cm®

Nal Tel Palomero Toloqueno Reventador Tabloncillo

Depth (cm)

20~

40

V: 13.37 cm3 V: 4.23 cm3 V: 12.54 cm3 V: 11.32 cm®

-10 0 10 -10 0 10 -10 0 10 -10 0 10
cm

60

Figure 6.3: Example of generated root system architectures for the MAGIC
landraces. V = average root volume (cm?)

The simulated cumulative root water at the end of the 30 day
growing period were locations and landraces dependent (P value <
0.01). The root water uptake rate of Tabloncillo was the fastest and
especially early on of all, in all the tested environments. The following
landraces to take up early high soil water were Nal Tel, then Jala
and Zapolate Chico (Figure |6.4]). The two landraces which had the
lowest root water uptake rates on average, were Conico and Palomero
Tologueno.

In some instances, some in silico phenotypes were limited by their
potential evaporative demands driven by the shoot growth and the
climatic conditions. If so, their transpiration rates were identical as
their root water uptake could only be less or equal to the potential
evaporative demands. For example, in Mexico after 20 days, almost
none of the root systems were the limiting factor to the plant tran-
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spiration rates. On the opposite, in Michoacan where Conico is from,
none of the in silico phenotypes were limited by the shoot water de-
mands along the growing period. This virtual environment was the
most restrictive one for the root water uptake.

6.3.1 Soil feedback

The pedo-climatic conditions were different from place to place. There
were only four locations where the root water uptake was reduced due
to the decrease of soil water content which lowered the hydraulic
conductivity of the soil zone within roots influence. In the four other
locations, the rainfall events saturated the soil profile more than it
was in its initial state (Table . Figure shows example cases of
soil water profiles recorded per location along the 30 days.

Among the virtual environments, the conductance ratio between
the ”soil-root system” and the "root system” alone (Ks/K,s) dropped
in four of them. This conductance ratio represents the ratio between
an “actual conductance” of the system including the soil zone within
root influence opposed to the root system hydraulic conductance in
a wet soil. The reductions of the soil hydraulic conductance were
environment dependent (Figure . Although, both in Chihuahua
and in Michoacan the global trends had similar patterns, the overall
amplitude of the reduction was greater in Michoacan. Both shared
the fact that some rainfall events occurred around the 17" day, which
re-watered the shallowest soil layers (Figure . At the same time,
the impact index of the hydraulic conductance of the soil zone within
roots influence re-increased for all in silico plants. The impact index
for Conico and Palomero Toloqueno recovered faster and better than
for the other landraces, which remained with a lower impact index.
However, the impact index dropped back after these rainfall events.
In Chihuahua, the rainfall events at the end of the growing period
were also coordinated with a recovery of the impact index for all in
silico plants.

Another similarity between both Michoacan and Chihuahua was
that the drop of the impact index happened around the 10" day. The
small differences between both were that in the Chihuahua environ-
ment, the first drop occurred earlier for the landraces Tabloncillo, and
then Nal Tel, followed by the others. Whereas, in Michoacan, they
all dropped around the same time with the exception of Palomero
Toloqueno and Reventador which had their impact index reduction
after the other landraces.

160



Results

6.3.

‘OUIRU 9OBRIPUR| SAIJRU S} PUE 9)B)S I8} A PIJUSISJOI PUE JUSWUOIIAUD
ue s1 [oued [YORY "SUISLIO JO JUSWIUOIIAUS JUSIOPIP O Ul SedeIpUR] JUSISHIP oY) Jo Aep oyj Junmp sojel uoljerdsuel], :§'9 2InS1g

(Aep) awiL
oe 0z oL oe 0z oL
001y) ajejodez
ojjiouojgeL.
Jopejuanay
ouanbojo] osawojed
1oL 1N
efer
opIo9
021uU0)
saoelpue]

(1oL |EN) ueyeonA (oo1yn sjejodez) esexeQ

0€ 0z oL

(1opejuansy) JuedeN (erer) yeheN (021u0D) ueSEOYDIN

(,-Aep ,queid O°H |w) Aep 8y} Buunp sjel exeidn Jsjem jooy

(otawoled) odixa|y (onouojqey) oosier (op109) enyenyiyd

161



6. ROOT WATER UPTAKE OF in silico LANDRACES

Chihuahua Jalisco Mexico Qaxaca
0 1 -
10
20
30
Moisture
-40 (em3fcm?)
E W,
Q2 -50 -
= . . . 020
£ Michoacan Nayarit (J) Nayarit (R) Yucatan
g o | 1 015
8 W
010
-10 ‘
-20
-30
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-50
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Time (d)

Figure 6.5: Example case of soil water profile records in each one of the eight
regions of origins. The soil water profiles are expressed in volumetric moisture
content (-).

In Nayarit, where the landrace Reventador comes from, the im-
pact index of the hydraulic conductivity of the soil zone within roots
influence decreased early on, but not for all landraces. The impact
indices for the landraces Conico, Palomero Toloqueno and Reventador
seem to be less reduced than the other landraces and also with some
delay in comparison to the others. On the contrary, in Mexico, both
landraces Conico and Palomero Toloqueno were the first ones to wit-
ness a reduction of their impact index of the hydraulic conductance of
the soil zone within roots influence by the end of the growing period.

6.3.2 Root water uptake efficiency

Root water uptake efficiency was defined here as the cumulative uptake
per unit of root volume (cm?/cm?).

Along the growing period, the root water uptake efficiency was
environment and landrace dependent (Figure . In all virtual envi-

162



Results

6.3.

‘sonfea ueow A[rep
1101} Aq pojuesald oIe JUSTUOIIATS 91} 07 (TWUI) SJUSAS [[JUTRI POJRIDOSSE O], "1010%] 9dRIPUL] oY} U0 puedap YIIYM SaUI] PAIO[0d Aq
Ppojuasardal sI sjuaUIUOIIATS pajdedwul Inoj oY) Jo auo ur ma1S yey) syue[d 0oirs uz yoey ‘potrod Suimoil sfep (g oty Suofe (S+437/54537)
QuUO[e UIDYSAS J00I, U} puR WISAS J00I-[I0S, 9} USIMID(] OIRI SIURIINPUOD dY) JO saSueyd JIWRUAD 9Y) JO UOIIRZI[eNsSIA :9'Q 2anSIg

(Aep) awi
0€ 0z oL oe 0z oL

(1opejusnay) jueleN (021U0D) UBDROYDIN

Rain (mm)
(SJ)VSJSM)
AjAnonpuod olnelpAy aeydsoziys ayy uo xapul Joedw|

0o1y) sjejodez
ojlouojqe|
Jopejusnay
ouanbojo) oJswoled
1L [eN

ejer

opJo9

001U0D

seoeIpUET ~

(oJowoled) ooixap (opi09) enyenyiyn

163



6. ROOT WATER UPTAKE OF in silico LANDRACES

ronments, linear increases were observed for all landraces during the
first 5 days. Yet, the initial slopes were landrace dependent. The os-
cillations of the root water uptake efficiency have a wavelength of one
day, increasing during the day and decreasing during the night, and
synchronized with the stepwise function of the potential transpiration
rate.

For most of the tested virtual environment, Conico and Palomero
Tologueno had a stable or even increasing root water uptake efficiency
after 10 days, whereas the other had a decreasing trend. In Nayarit,
where Reventador comes from, almost all in silico plants had a better
root water uptake efficiency than in other locations. This resulted
in non-decreasing trends for all landraces with the exception of the
Jala landrace which still had a plummeting root water uptake effi-
ciency. There were two environments where the landraces Conico and
Palomero Toloqueno had decreasing efficiency after 10 days. These
environments were the two driest environments (in Chihuahua and
in Michoacan). Notably, their efficiency regrew for a few days after
the rainfall events around the 17" day that occurred in both these
environments.

When looking at the end of the 30 days growing period (Figure
, the most efficient root water uptake plants were not the ones that
cumulatively took up more water. Root systems that were able to take
up large amounts of water in total were not the most efficient either.
However, this was mainly true only in the environments that were not
the two driest ones. In Michoacan, the landrace Tabloncillo was more
efficient than Conico which was the most efficient in all other tested
environments, and was ranked as second in terms of cumulative water
uptake. In this environment, the in silico landrace that transpired the
most water in total was Jala (p value < 0.01). In Chihuahua which was
also a dry environment, there were no significant differences between
the root water uptake efficiency of Tabloncillo and the one of Palomero
Toloqueno. The landrace Palomero Toloqueno was the second most
efficient root system in the eight environments.

In terms of cumulative root water uptake alone, the landrace Tabl-
oncillo was among the best root systems in almost all the tested
environments. The only exceptions happened in Michoacan were the
landrace Jala cumulatively transpired more water than Tabloncillo
plants (p value < 0.01). In Chihuahua, there was no significant dif-
ference between both these landraces. In addition, no significant
differences between Tabloncillo, Jala and Nal Tel were observed in
the three environments with low elevation, namely: Yucatan (Nal
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Figure 6.7: Dynamic change of root water uptake efficiency (L.plant~'cm™3) for
each landrace and in all eight native locations.

Tel), Nayarit (Reventador), and Oaxaca (Zapolate Chico).

Among all virtual environments, when comparing the total amount
of water taken up (all factors included), the only ones with no signif-
icant difference between each other were Nayarit (Jala) and Jalisco
(Tabloncillo) at the end of the 30 days.

6.3.3 Root water uptake efficiency in wet soil

After the analysis of the root water uptake efficiency, one metric that
could also potentially be relevant is the root system conductance per
unit of Carbon invested in the root system. Here, the proxy of the
root volume was used to estimate this Carbon cost. In addition,
the equivalent root system hydraulic conductance (K,s) allows the
analysis of the root systems independently of their environments.

In Figure [6.9) we divided the conductance of each root system by
its root volume at three different stages to evaluate the conductance
per unit of Carbon invested in the root system. At first, the landrace
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Chihuahua (Gordo) Jalisco (Tabloncillo) Mexico (Palomero)
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Michoacan (Conico) Nayarit (Jala) Nayarit (Reventador)
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Oaxaca (Zapolate Chico) Yucatan (Nal Tel) Landraces
2600 F Conico

2400 Gordo

2200 Jala

2000 Nal Tel

1800 Palomero Toloqueno

1600 Reventador
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Root water uptake efficiency (L.cm®plant™)

Figure 6.8: Representation of the cumulative root water uptake after 30 days
(ml.plant=1) in comparison to the root water uptake efficiency (L.plant~'cm™3)
for the eight landraces in the eight regions of origins.

Tabloncillo has the most conductive root system per unit of Carbon
invested. During that phase, Gordo and Palomero Tologueno were the
least conductive per unit of Carbon. Later, after 20 days, the landraces
Tabloncillo, Zapolate Chico and Conico were the most conductive
per unit of Carbon invested. Whereas, Gordo landrace was still the
least conductive per unit of Carbon, but after 20 days, the landrace
Reventador was the second. Along the growing period the Palomero
Tologueno landrace decreased less its conductivity per unit of carbon
than most of the other landraces, thus it finished at the rank four after
30 days. By the end of the growing period, Zapolate Chico took the
lead as the most conductive root system per unit of Carbon invested.

6.5.4 Hydraulic properties

The ANOVAs conducted in each virtual environment showed that the
subcellular hydraulic properties and the maturation rates influenced
the total root water uptake in most environments (Table . Aside
from the landrace factor (root architecture and anatomy) which was
the most significant factor to explain the variation of cumulative root
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6. ROOT WATER UPTAKE OF in silico LANDRACES
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Figure 6.9: The equivalent Root System hydraulic conductance (Krs;
emPhPa~1d~1) for each landrace per unit of root volume (cm3) at three different
stages of crop development (10, 20, and 30 days).

water uptake after 30 days, it was the contribution of aquaporins to the
cell membrane permeability that seemed to explain these variations.
However, this was not true in Nayarit (Reventador) where the only
significant factor was the landrace one. In other locations, such as in
Mexico and Nayarit (Jala), the duration of the delay between different
hydrophobic barriers deposition and the duration of the establishment
of these barriers was also significant. Then, in the two driest envi-
ronments, all subcellular hydraulic properties and maturation rates
at the exception of the meta-xylem maturation were significant to
explain the variation of total water uptake.

6.4 Discussion

To test the hypothesis that landraces could potentially be hydraulically
adapted to their local pedo-climatic environment, we simulated 4127
in silico root systems of eight Mexican landraces, in their eight pedo-
climatic conditions of origin. The results showed that global root
water uptake dynamics were landrace dependent and vary between
the virtual locations. Furthermore, the root water uptake efficiency
and the cumulative root water uptake of these in silico plants were
evaluated to see if there were links that could be made between the
native landraces with the different environments.
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6.4. Discussion

6.4.1 Fast growing roots for early root water uptake ability

Within the framework of this simulation study, the three in silico
plants that were able to take up the highest amount of water in total
in most of the environment were the landrace Tabloncillo, Nal Tel
and Jala. One of the differences that could potentially explain why
these landraces in comparison to the others had higher cumulative
water uptake in most environments was their fast growing basal roots.
Indeed, fast growing basal roots in large numbers would establish
long absorption sites along the roots from the beginning of the plant
development. As in Chapter || zero order roots were also contributing
to a very large part of the water uptake. In addition, it would allow
these in silico root systems to reach deeper soil layers more quickly.

Among the three landraces that transpired the most in total, the
root systems based on the parameter set of Tabloncillo were the best
ones in three environments, including their native one. This higher
cumulative water uptake seems to be linked to the combination of an
average number of basal roots (4) and the fastest growing basal roots
(£ 2.74 ecm.d™1). The two others did not display significant differences
in terms of total water uptake. The landrace Jala was the root system
with the second fastest growing basal roots (£ 2.27 cm.d~!), but had
less basal roots (3) than the Tabloncillo ones. Whereas, the landrace
Nal Tel had one more basal root (5) but with slower growth rates (+
1.57 cm.d™!). Therefore, a ”trade-off” between the growth rate and
the number of seminal roots seems to achieve similar results.

6.4.2 Possible trade-off between the transpiration and
metabolic cost

In all tested virtual environments, maximizing the cumulative root
water uptake was not positively correlated with the overall root water
uptake efficiency. The least efficient landrace root systems were often
the ones with the highest cumulative root water uptake and inversely.
For example, the landrace Jala was the least efficient root system of
all, in all environments by the end of the growing period. The cause of
this phenomenon seems to be linked to fast growing shoot-born roots
and their large numbers. Consequently, it increased the root volume
and seems to lower the efficiency.

Beside from the landrace Jala and Tabloncillo, the other landraces
seem to rely on the shoot-born roots to reach the deep soil layers
and increase their uptake abilities. However, in comparison to the
dominant role that the shoot-born roots were supposed to have if we
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6. ROOT WATER UPTAKE OF in silico LANDRACES

refer to Chapter 5] it was not as conclusive here. In most of the tested
environments, the root systems were not the limiting factor after the
first half of the growing period. The shoot water demand clamped the
majority of the plant transpiration rates when the shoot-born roots
influence should have started. Therefore, in the highly conductive soil
with high water availability, the in silico plants that took up more
during the earliest stage were the ones that took up more water in
total.

This constraint played by the shoot water demand hid most of
the potential differences between phenotypes in non soil restrictive
environments. Adding a module which would account for the landrace
differences relative to their shoot part could bring better information
about the fitness of these plants in non soil restrictive scenarios. The
partitioning of the carbon allocation between the root system and the
shoot part is an absent mechanism from this study. Therefore, small
root systems like the one of Conico and Palomero Toloqueno inherited
from the same shoot parts as the other root systems which were three
to five times bigger at the end of the growing period than them.

Restrictive soil

When analysing the ranking of the landraces in soil restrictive environ-
ments, namely: Michoacan where Conico comes from, and Chihuahua
where Gordo comes from, almost all root traits suddenly became sig-
nificant to explain variation of the total amount of water transpired.

The main factor to explain these differences was the landrace factor.
It consisted of the integration of all architectural traits and the root
anatomy. In Meunier et al. (2020) study, the root system architecture
also counted as the major influential factor when the micro-hydraulic
properties have a limited range of variability.

After the landrace factor, the contribution of aquaporins to the
cell membrane permeability increased the root water uptake. This
is coherent with the findings of Chapter [5| However, within the se-
lected range of variation, the role played by the maturation rates
of hydrophobic barriers seems to be more significant than the delay
between the end of the suberin deposition and the beginning of the
meta-xylem maturation, which was the opposite in Chapter [5} Yet,
the influence of the delay between the end of the suberin deposition
and the beginning of the meta-xylem maturation was still influential.
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6.4. Discussion

6.4.3 Water uptake efficiency with few shoot-born roots

In the two most constraining environments, deeper and bigger root
systems seem to increase the total amount of water that the roots
were able to take up. However, the landraces with above average root
water uptake efficiency were the two smallest root systems, but also
the landrace Tabloncillo. Surprisingly these Tabloncillo root systems
with the smallest amount of shoot-born roots managed to still be
among the ones that transpired the most and also be among the ones
that were very efficient in terms of root water uptake per unit of root
volume.

On the one hand, this would suggest that shoot-born roots are not
as efficient to take up water in comparison to the other type of roots,
but would allow the root system to take up far more water in total and
reach the deep soil layers at different times. On the other hand, fast
growing seminal roots seem to be simultaneously efficient and able
to take up a high amount of water in total. Increasing the analysed
growing period could potentially differentiate further the ”benefit-risk”
approach of such root systems. Potentially, as shoot-born roots revisit
the depleted soil layers, they do not participate as much to the water
uptake function. Perhaps their values could be noticeable only when
they outgrow the seminal roots and their zone of influence.

6.4.4 Possible trade-off between transpiration and soil water
depletion risk

Among all the tested environments, four of them were associated
with a reduction of the hydraulic conductivity of the soil zone within
roots influence. This drop of local soil hydraulic conductivity was the
consequence of depleting the soil water.

If the reduction of the conductance ratio between the ”soil-root
system” and the root system alone (K.s/K,s) occurred early in the
growing period, the most impacted phenotypes were the ones that
took up the most directly at the beginning. As the water depletion
caused the soil conductivity to decrease, the phenotypes that took up
large quantities of water faced the consequences of exhausting the soil
layer from its water near the absorption sites. However, the depletion
of water in the soil layers was balanced by rainfall events.

When the rain replenished the shallow soil layer, the two landraces
with the shallowest root systems almost recovered to their maximum
potential conductance. Proportionally, for the deep root systems only
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a smaller part of their whole soil zone of influence was re-watered.
Thus, some deeper soil layers were still drier, and thus less conductive.
However, as the shallow root systems were only able to take up water
in a narrower region of the soil, even if they took up less water, these
shallow layers were depleted again soon after the rain had stopped.
This phenomenon seems to have also occurred in the Mexico environ-
ment where they both proportionally depleted the most occupied soil
layers than the other landraces.

Therefore, to preserve the roots water uptake, it seems that small
root systems take advantage of scattered but frequent rainfall at a
reduced metabolic cost, whereas, deeper root systems, more carbon
costly, are more resilient as the shallow dry soil layers are proportion-
ally in contact with a small surface of the global root system.

6.4.5 Anatomical traits influence

As anatomical traits were merged with the root architectural traits
inside the landrace factor, it seems complex to quantify the influence
brought by these structural traits at the cross-section level. Although
it seems that the influence was rather small, we spotted a feature on
the landrace Reventador that was most likely linked to its anatomical
traits. The strongest and most plausible influence that we could notice
was on the equivalent root system conductance per unit of root volume.
The Reventador landrace had low potential ability to take up water
per unit of Carbon invested beside being a landrace with average root
architectural traits. The main hypothesis to explain this trend was
that the cortex width of this landrace was proportionally larger than
for the others, which should have resulted in an increased metabolic
cost without any gain in terms of radial hydraulic conductivity nor ax-
ial hydraulic conductance. On the contrary to the previous statement,
the landrace with the smallest ratio between the cortex width and
its root radius was the landrace Gordo. Further, Gordo was ranked
as the least conductive landrace per unit of Carbon. However, this
low potential ability to take up water per unit of Carbon was more
likely to be due to its low lateral root branching density. The root
radial hydraulic conductivity of the lateral roots were 20 to 50 % more
conductive than the other root types.

The in silico root systems water uptake in the different virtual
environments did not seem to be indicative of ”local adaptation”. How-
ever, root anatomical traits were contrasted between landraces. We
may have faced a confounding effect due to the intricacy between root
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architectural trait and anatomical traits hidden within the landrace
factor. Changing one important trait or environmental variable would
probably give different results. Further, the weak relation between
landrace water uptake and their environment would suggest that we
missed somethings. The tested landraces in the virtual phenotyping
pipeline were only evaluated based on their root system hydraulic
architecture in simplistic scenarios focused on water dynamics.

For example, the proportionally large cortex of the landrace Reven-
tador could be an adaptation to a different constraint than water.
Recently, Schneider et al. (2021)) discussed the utility of a wide root
cortex in environments with a strong mechanical impedance. These
root traits should potentially improve rooting depth and be an adap-
tation if the soil of its region of origin are generally compacted.

Other root traits were, perhaps, related to other adaptive functions,
such as the adaptation to nutrient deficient soil or to the predation by
regional pests. The potential evolutive adaptation behind the shallow-
est root system of Palomero Toloqueno and Conico may come from
its low phosphorus regional soil (Appendix Figure , where the
highest concentration of phosphorus were in these soil layers (Calderén-
Vazquez et al., 2011; Lynch, and Brown, 2008|). This particularity of
concentrating roots foraging in the top soil reduces spatial competi-
tion for phosphorus among roots of the same plant, which is thought
to be a positive response to low P availability (Ge et al.,2000). While
enhanced top soil foraging is one of the key elements among most P-
deficient plants, we would also have expected higher lateral branching
density as stated by Lynch, and Brown (2008). Although it was not
the case for the known P-deficient landrace Palomero Tologqueno, the
landraces with increased branching density roots in comparison to the
others were Conico and Nal Tel.

6.5 Conclusion

With the virtual phenotyping pipeline for root hydraulic traits, we
tested the hypothesis that there could be non-unique potential sets
of root traits for maximizing the total amount of water transpired
in specific local hydraulic environments and maximizing the water
uptake efficiency.

Among the eight selected maize Mexican landraces from contrasted
environments, the in silico ones with fast seminal roots were able to
take up more water than the others in most of the tested virtual
environments. However, the root systems that took up the largest
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amount of water were generally the root systems with the minimum
efficiency. It was especially true when the in silico plants were limited
by the above ground conditions. The only major exception was in the
most constraining environment. In that environment, the landrace
with fastest growing basal roots and the fewest amount of shoot-born
roots was the one that transpired the most in total and was also the
most efficient one.

Across all environments, we noticed dynamic changes of root water
uptake efficiency, which were landrace dependent and varied between
locations. The chain of events between the soil water depletion by the
roots and drainage, the change of soil hydraulic conductance, and the
rainfall precipitations is thought to have a crucial importance over
these dynamic changes. Furthermore, the contribution of aquapor-
ins to the cell membrane permeability and maturation rates helped
describe the root water uptake of the different landrace as the envi-
ronments were more and more constraining.

Therefore, we can conclude that when there is a lack of available
water, the emergence timing, the numbers, and the growth rate of
zero-order roots are "key” candidate traits that allow the root system
to explore the soil and absorb water at different depths. A cross-talk
between experimentation and the modeling tool would be beneficial to
feed the model and check candidate traits. This virtual phenotyping
pipeline for root hydraulic traits demonstrated the interest of exploring
potential phenotypic adaptation to specific pedo-climatic conditions
with dynamic aspects. Further testing and better integration of other
root functions are needed to evaluate the fitness of root systems in
specific pedo-climatic conditions.

6.6 Appendix
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Figure 6.10: Principal Component Analysis (PCA) of the soil factor that could
distinguish landraces from each other. The first axis of the PCA was correlated
with the cation exchange capacity and the clay content. The second axis of
the PCA was correlated with Carbon content, Phosphorus retention which was
translated into soil Phosphorus availability. Each dot represents a maize CIMMYT
ascension attributed to a race and a location where they were sampled from. The
”landrace” are the selected ascensions labeled with a highlighted dot.
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Table 6.3: Range for the subcellular hydraulic properties selected as input vari-

ables

Abbreviation, Unit

Variable description

Range of variation

kw (ecm?*hPa=td™1)

Cell wall hydraulic conductivity

[BE™%; 4E~%

Kpr (em®hPa~td™1)

Plasmodesmata hydraulic conductance

[BE~12;, 8E~12]

kagp (cm*hPatd™1) Aquaporin contribution to the cell [BE~*; TE™4
membrane hydraulic conductivity.
dts—_mx, (day) time delay between the beginning [-0.5; 1]
of the endodermis suberization and
of the meta-xylem maturation.
dtvx, (day) duration of the maturation [1.5; 2.5]
of the meta-xylem vessels
dt gy, (day) duration of the deposition of hydrophobic [1.5; 2.5]

barriers or the delay between

two levels of hydrophobic barriers
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DISCUSSION &
CONCLUSION






In this last part, outlooks and ideas that
emerged from the different studies done
in the context of this thesis are presented.
They are discussed in the light of the cur-
rent limitation which are linked to the use
of models to describe complex systems.
Then, the different elements of answers to
the raised scientific questions are summa-
rized in a last chapter.

In some Native languages the term for
plants translates to “those who take care
of us”.

RoBIN WALL KIMMERER






DISCUSSION & OUTLOOKS

HE GENERAL PURPOSE OF THIS THESIS was to use the root
T system hydraulic architecture and anatomy of growing plants to
estimate possible root water uptake dynamics in specific environments,
going from organ scale to plant scale. The integration of the root hy-
draulic anatomyﬂ into the resolution of the water flow in the ”soil-root
system” brought a large dimension of possible outcomes in terms of
root water uptake strategies. This showed how important subcellular
hydraulic properties, maturation rates, and root anatomy are in com-
bination with the overall root system architecture to the global root
water uptake dynamics.

As the specific objectives of the thesis were divided according to
three different scales (the root cross-section, the root system, and the
soil-plant system), the discussion will follow the same logic. At the
end of the different sections, a few points will merge the discussed
topics across the scales.

7.1 The root hydraulic anatomy

The first objective was to better understand the functional impor-
tance and diversity of root anatomical traits and subcellular hydraulic
properties of maize plants (Zea mays).

7.1.1 Biological insights

The first insights brought to functional importance and diversity of
root anatomical traits were that (i) the root cortex width played
a central role at drawing the baseline of the root radial hydraulic
conductivity, (ii) the aerenchyma formation reduces the root radial
hydraulic conductivity when it builds up and (iii) the ratio of the
stele over the total root cross-section area was proportional to the
root radial hydraulic conductivity. However, when analysing the root
anatomy in combination with subcellular hydraulic properties, these

1Hydraulic anatomy: At the root cross-section scale, the hydraulic anatomy
corresponds to the combination between the subcellular hydraulic properties and
the cells structural network and geometry.
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new properties outperformed the influence on the radial hydraulic
conductivity by the anatomical traits.

Before suberin deposition, the contribution of aquaporins to the
cell membrane permeability was the most influential factor. After that
deposition, the conductance of individual plasmodesmata became the
most influential factor. The onsets of these hydraulic factors partly
hide the variation due to the very structure of the root anatomy. How-
ever, the root radius, which allometrically reflects both the influence
of the cortex width and the stele size, was still influential over the
radial hydraulic conductivity before suberin deposition.

7.1.2  Technological improvements

The creation of the root cross-section computational model, GRANAR,
enabled us to rapidly generate anatomies over large ranges or root
anatomical traits. These anatomies could then be passed-on to other
functional models to estimate functional properties, such as the micro-
hydraulic properties that could be acquired with the model MECHA.

One of the key features of GRANAR is that it only requires a
simple set of parameters to generate diverse root anatomies, therefore
opening the way to the generation of root cross-section avatars from
anatomical data sets or from root cross-section images. Unlike other
software, such as CellSeT (Pound et al.,[2012)) or MorphoGraphX (de
Reuille et al., |2015) which required either time or heavy microscope
equipments to segment organs, GRANAR is user friendly and has low
technological requirements.

In addition, once thousands of hydraulic anatomies have been
estimated, there was an opportunity to fasten even more these es-
timations using machine learning algorithms (meta-models). Thus,
as long as the range of anatomical traits and subcellular hydraulic
properties were within the input range of the trained data, estimation
of micro-hydraulic properties can be achieved in a fraction of a second
(compared to few minutes with the mechanistic models). These meta-
models are powerful tools to perform fast global sensitivity analysis
that are very demanding in terms of computational time.

7.1.8 Perspectives

The combined used of GRANAR and MECHA enabled us to gain
new knowledge on the determinant of root micro-hydraulic properties.
However, there is potentially a lot more to explore with both GRA-
NAR and MECHA (that would, of course, require further validation).
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For instance, these tools could be used to explore the influence of
other root anatomical traits that were not included in the previous
chapters, on the micro-hydraulic properties.

Dicotyledonous roots

In this study, we focused on the root hydraulic anatomies of maize
(Zea mays), but the model GRANAR is also able to generate basic
dicotyledon root cross-section patterns. For example, we tried to sim-
ulate vine roots ( Vitis vinifera), which seem to be visually close to the
experimental root cross-section images. (Figure . In addition, the
micro-hydraulic properties of more detailed hydraulic anatomies could
be estimated. These added features in the new version of GRANAR
are the representation of the intercellular spaces, the septa, and the
stellar pith. The MECHA model is still fully compatible with these
updates (Figure [7.2).

In the new version of GRANAR, the cortex cells are also rounder
than in the previous version, and can be separated into three zones
with different cell diameters. This feature can be used to represent
multiseriate cortical sclerenchyma, an anatomical trait that seems
to matter in terms of foraging ability in soil with high mechanical
impedance according to Schneider et al. (2021]).

Aerenchyma formation types

The aerenchyma formation process that we implemented in the first
GRANAR version was the radial lysogeny (apoptosis). Within the
Poaceae family, the radial lysogeny process is currently the only known
process of aerenchyma formation in the roots (Jung et al.,|2008). How-
ever, there are other types of aerenchyma formation processes, namely:
the tangential lysogeny and the honeycomb schizogeny (cell separa-
tion and differentiated cell expansion). As plants develop different
types of aerenchyma formations, implementing these other types into
GRANAR, and testing whether or not it influences water or solute
fluxes, would be of great interest.

In addition, we observed that the aerenchyma formation in grapevine
roots was not related to either radial or tangential lysogeny, though
it was based on the apoptosis process nonetheless. This new type of
aerenchyma formation was implemented in GRANAR and is shown
in Figure[7.2 We started to evaluate if this type of cortical lacunae
in combination with the intercellular spaces could influence the radial
hydraulic conductivity. We reproduce an experimental design similar
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Figure 7.1: Digital avatar of grapevine root cross-section (first order root). The
GRANAR root cross-section is on the left and the corresponding experimental
image on the right. The anatomical parameters were extracted with ImageJ from
two images of the same root performed with two techniques: a micro-CT image
of the cortex layers, and an image taken using a fluorescent microscope which
replaced the stele. The micro-CT image was obtained by targeting the maturation
region of branched clusters of absorptive roots of first order (Cuneo et al.,
McCormack et al.,

The intercellular spaces which are in darker grey on

the micro-CT image are represented on the GRANAR equivalent and the cortex

layers were divided in three zones with different cell sizes. The endodermis cell
walls are colored in red on the GRANAR root cross-section.

XXk
000y

Water flux in cell walls (nm/s)

10 25 50 100 250

Figure 7.2: Representation of apoplastic fluxes in a grapevine root ( Vitis vinifera)
with cortical lacunae, and septa.
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to the one of the Chapter [2] where we could test that. The first glance
of answers was that aerenchyma proportion and aerenchyma in com-
bination with intercellular spaces had a significant influence on the
radial hydraulic conductivity, but not the intercellular factor alone.

Furthermore, it could be possible to test if the vascular pattern
in roots of dicot- or monocotyledonous plants behave differently in
function of the type of aerenchyma formation process when everything
else is constant.

Secondary growth and cell growth

At the moment, there is no secondary growth nor cell swelling/elongation
implemented in the GRANAR model. The addition of a module such
as the one existing in OpenAlea (Pradal et al.,[2008) or as in CHASTE
(Mirams et al., |2013), which account for cell expansion and division
could be use to study dicotyledonous roots secondary growth. Those
modules could be used to generate age dependent anatomies. Link-
ing these changes in anatomies to the MECHA model would allow
us to see how secondary growth influences the root micro-hydraulic
properties.

For 3D root representation and growth simulation of in vivo plant
meristems and local plant organs, the MorphoGraphX software (de
Reuille et al., [2015) accounts for mechanical processes and spatial
interactions. Although this model is mainly used on Arabidopsis which
has limited number of cell layers, binding the possible cell network
complexity of GRANAR cross-sections with that tool would allow to
mimic far more complex organ structures and recreate them in silico.

Stem & leaves

To our knowledge, stem and leaf cross-section models which represent
the cell network anatomy of these organs are either highly complex
(MorphoGraphX) or very schematic (Govaerts et al., [1996). In the
future, the versatility of the core algorithm behind the GRANAR
model could be modified towards these different plant organs. It
would create a new way to evaluate the functional importance of the
different anatomical structures inside the plants (this would require
an adaptation of the MECHA model as well). At the leaf level, for
instance, performing similar sensitivity analysis as the ones done in
this study might help us better understand the link between leaf
anatomies, transpiration regulation and cavitation prevention.
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7.2 Binding root hydraulic anatomies along the
root system

The second specific objective of the thesis was to better understand
the impact of the root anatomical traits and the development of hy-
drophobic structure on the overall root system hydraulic architecture.

7.2.1 Biological insights

Experimental root cross-section data along root systems are relatively
easy to acquire in comparison to a detailed measurement of the hy-
draulic conductivity of the different root types. Using the GRANAR-
MECHA coupling, we demonstrated how we can translate experi-
mental anatomical traits into hydraulic conductivity estimation and
created a high-resolution hydraulic atlas of a maize root system. In
the studied case, root anatomical traits changed along the root axis,
and this added a significant component of variation in addition to root
maturation factor.

7.2.2  Technological improvements

From the root cross-section images of different root systems, we were
able to reconstruct possible atlases of the root hydraulic conductivities.
This combination of modeling tools with root cross-section images
allowed us to estimate potential conductivity function along the roots
with very fine resolution and quicker than other available experimental
techniques (such as the pressure probe).

7.2.83 Perspective
Root maturation rates influence on the micro-hydraulic traits

One of the missing pieces that we encountered while building the
root system hydraulic Atlas was that we did not know how to link
unsuberized and suberized root zones hydraulically, nor how to link
the un-mature meta-xylem vessels stage to their mature stage. We
did a linear regression in between stages but we could actually test
different theories with the current tools that we have.

Radially, the suberin deposition in the endodermis cell walls is
thought to occupy by batches the cell walls of the endodermis layer
(Barberon et al., 2016} Doblas et al., |2017). These depositions by
batches are most likely to result in a non-linear decrease of the radial
hydraulic conductivity. However, if the suberization occurs one cell at
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Figure 7.3: Radial hydraulic conductivity decrease for a in silico maize as the
suberin is deposited in cell walls of endodermis cells, on cell at the time

the time, then, the resulting trend would follow a linear decrease. In
silico maize root cross-section that we analysed, the decreasing trend
of the radial hydraulic conductivity when the cells of the endodermis
were suberized one by one randomly was observed to be a monotonic
decrease of the radial hydraulic conductivity as the suberization of
the endodermis occurred (Figure [7.3).

Axially, meta-xylem maturation was also assumed to be a linear
regression between the two stages. However, the way the meta-xylem
vessels mature and are progressively integrated into the vascular sys-
tem of the plant is poorly understood (Sanderson et al., . Cross-
walls effect is thought to be strong and reduce the conductance of such
conduit. Further, even if meta-xylem vessels are surrounded by lignin,
there are slow biological processes to degrade these cross-walls and
increase the axial hydraulic conductance. Finally, there is also poor
evidence of synchronized meta-xylem maturation or the opposite.
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Shoot hydraulic atlases

Once a valid GRANAR-MECHA coupling would be available for the
shoot parts, a similar approach to what was done for the root system
could be performed on the shoot structure. The creation of hydraulic
Atlases for the shoot structures would complete the whole plant model
and increase the accuracy of the overall resulting hydraulic architec-
tural model.

The shoot system architecture can be simulated with the model
CPlantBox (Zhou et al., [2020) and replace the "big-leaf” approach
currently used. Thus, with the shoot hydraulic atlases and the shoot
system architecture a modified version of MARSHAL could be used to
solve the shoot system hydraulic architecture and provide insight to-
ward preferential flow in homogeneous air conditions. In combination
with models such as the one used in Hydraulic Viper, a complete plant
hydraulic network could be solved. This would result in plant water
dynamics and plant water properties related to complex phene states
which would improve our understanding about the plant hydraulic
behavior.

7.3 In silico maize root water uptake dynamics

The third specific objective of the thesis was to better understand the
role of the local hydraulic anatomy on the global root system hydraulic
behaviour.

7.8.1 Biological insights

The first insights on how root hydraulic anatomy influence the root
water uptake dynamics in different pedo-climatic conditions were that
zero-order roots, and their diameters, have a strong influence on both
the root water uptake ability and on the uptake efficiency per unit
of root volume. Second, the contribution of aquaporins to the cell
membrane permeability was the second most influential factor to the
cumulative root water uptake and its influence seems to be related to
different timing effects dependent on soil water depletion and the root
foraging stages. Third, depending on soil hydraulic properties and
rainfall pattern, specific sets of local root traits can result in strong
water depletion and negative impact on the future transpiration rates
of the plants in comparison to other sets of traits for a given root
system architecture. Finally, the maturation rates and the length
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of the offset period between suberin deposition and the meta-xylem
deposition play an important role once the root reaches deep layers.

Among the eight Mexican maize landraces, the in silico ones with
fast seminal roots were able to take up more water than the others
in most of the tested environments. However, the root systems that
took up the largest amount of water were generally the root systems
with the minimum efficiency. It was especially true when the in
silico plants were limited by the above ground conditions. The only
major exception was in the most constraining environment. In that
environment, the landrace with fastest growing basal roots and the
fewest amount of shoot-born roots was the one that transpired the
most in total and was also the most efficient one.

7.3.2  Technological improvements

By assembling several models into a structured network, we created
a virtual phenotyping pipeline for root hydraulic traits (Hydraulic
Viper). This computational tool that we developed has a great poten-
tial to explore different growing root system hydraulic architectures
in various pedo-climatic conditions. Its ability to account for the
root anatomical traits, the subcellular hydraulic properties and the
maturation rates made it possible to seek potential local root trait
adaptation to specific pedo-climatic conditions.

The closest other models that study the root water dynamics and
try to account for anatomical differentiation between tested pheno-
types is likely the model OpenSimRoot (Postma et al., 2017)). Open-
SimRoot has the advantages of accounting for carbon partitioning and
allocation between root and shoot parts, and of including nutrient up-
take and mineralization in the soil. The main advances implemented
in Hydraulic Viper come from the analytical resolution of the wa-
ter flow in the root system (Meunier et al.,|[2020)), the integration of
the soil zone within roots influence, the fine tuning of the quantifica-
tion of root micro-hydraulic properties based on the root age, root
cross-section anatomy, and subcellular hydraulic properties.

7.83.8 Perspectives

The future software improvement which would increase the interest
of using Hydraulic viper would be to include a carbon partitioning
module. Such module could be inspired by the PiafMunch mechanistic
approach (Lacointe, and Minchin, [2019)) that is currently under devel-
opment in CPlantBox, or inspired by the functional component of the
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model GRAAL-CN (Drouet, and Pages, [2007). At the moment, the
"big-leaf” approach over-simplifies the shoot parts. Thus, increasing
the level of complexity of this part would strongly increase the number
of biological processes that are included.

In terms of nutrient allocation and organ growth response to avail-
able water and nutrients, there is the functional-structural model
GRAAL-CN (Drouet, and Pages, 2007). This model includes many
different aspects of growth regulation relatively to the availability of
carbon and nitrogen elements. Physiologically, there are many inter-
esting aspects to take from this type of approach. Thus, it would be
theoretically possible to move towards a more plastic understanding
of the plant phenotypes.

Stomatal regulation

The stomatal regulation is one of the most critical mechanisms which
regulate the amount of transpired water. The implemented regulation
of the stomatal response was approximate to behave very harshly as a
gate. The isohydricity of maize plants is a common feature (Tardieu,
and Simonneau, [1998)). However, the simplification that plants close
their stomata in a way that creates a threshold at -15.000 hPa at the
collar is much more debatable and substantially less sharp.

In addition, when the water pressure decreases too much inside the
xylem elements, there is a cavitation phenomenon that can occur and
dramatically reduce the axial fluxes of water as it opens a discontinuity
in the water column (Cochard, [2002). In this study, the consequence is
avoided and neglected as the threshold value inside the xylem is capped
to -15.000 hPa. Further study could be devoted to understanding the
impact of fine stomatal responses and xylem embolism on the root
hydraulic architecture and water dynamics of the root system.

Complex 3D soil

The 3D soil representation is far more accurate to simulate root water
uptake dynamics than in 1D. One model that accounts for these
additional dimensions is the R-SWMS model (Javaux et al., |2008;
Koch et al.,[2019). The applications of that model are not the same
as Hydraulic Viper mainly due to the computational time difference,
which is related to the complexity of solving water flow in a 3D mesh
across time. However, the way root dries up the soil in its surroundings
is more realistic when the horizontal dimension is included, and not
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shared in a soil layer reservoir where all roots in the layer have access
to.

Plant plasticity

In addition, soil heterogeneity is a key feature which makes the root
system very complicated to understand. The root systems are able
to develop plastic responses to deal with their changing environment
and cause growing patterns and allocation that are still actively inves-
tigated. In return, the plants are also able to alter their environment
by chemically changing the composition of the soil with mucilage
secretion (Kroener et al.,|2018).

Benchmarking Hydraulic Viper

At the moment there is not yet a proper validation of our virtual
phenotyping pipeline, Hydraulic Viper. However, the transpiration
rates were within the same range of value of what is expected for maize
plants. During the simulation, the Penman-Monteith equations (Allen,
and FAO, 1998)) associated with Campos et al. (2017)) crop coefficient
showed an oscillation between internal and external limiting factors
(i.e. the root water uptake ability vs. the shoot water demand). This
alternation showed that our in silico estimations of the root water
uptake matched the amount of water transpired by a corresponding
plant from a validated crop model.

To benchmark our modeling pipeline, lysimeter experiments could
be used to see if, relatively to one another, different plants show similar
trend in terms of water uptake dynamics with the models.

In addition, the experimental data that was used to parametrized
the models comes from greenhouse experiments in pots and there
are a potential differences between the root system of plants in pots
and the ones in the field. Shovelomics experiments could increase the
transferability of the measure towards the modeling side.

7.4 Structural limitation

7.4.1  On model uncertainties

The main structural limitation that was partially tackled is that com-
plex systems are composed of many interacting parts on many different
scales. Reducing the level of complexity by studying each piece indi-
vidually made us aware of some behavior and mechanisms. Sometimes,
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connecting single parts together and expecting the sum of the parts
to behave as a whole organism can be misleading. However, this phe-
nomenon is entangled with the way the raised questions were faced
in this thesis. Thus, to tackle these issues we gradually increased the
interconnections between the lowest scale and the whole soil-plant-
atmosphere continuum. That being said, there are still many uncer-
tainties regarding this process and some connections are incomplete
or missing.

7.4.2  On computing time

Finally, all the proposed improvement detailed above need to be seen
through the lens of computing time and efficiency. The current pipeline
is already quite resource intensive and needs to be run on dedicated
servers. Adding more modules, or making the existing ones more
detailed might increase substantially the computation time, up to a
point where the pipeline could not be used as a virtual phenotyping
tool. One of the critical loss of efficiency was the continuous change
of programming language between model parts. The unification of
the different tools under a single languages could increase the global
efficiency. Furthermore, the use of artificial intelligence algorithm
could always be used to shortcut the mechanistic models, as it was
done here for the estimation of micro-hydraulic properties.
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CONCLUSIONS

N CROP SYSTEMS, the phenotypes expressed by plants in their
I environment are very diverse. Where there is a lack of water
availability, the root systems that are sought to improve yield and
achieve sustainability are thought to be non-unique, site specific and
with a good trade-off between the transpiration potential and the soil
water depletion risk. Manipulation of such behavior implies having
acute knowledge about the pedo-climatic conditions of the crop site
and an ability to choose phenotypes that will express the right state
of phenes at the right time.

Along the path of finding such phenotypes, identifying root system
hydraulic architecture that expressed the suitable combination of traits
for specific pedo-climatic conditions is a complex task. During this
thesis, we aimed at providing tools and insights to better understand
how the influence of hydraulic anatomy scales up and influences the
global root water uptake dynamic.

To do so, we developed GRANAR, a computational model that
generates root cross-section anatomies from a simple set of anatom-
ical traits. This model can be coupled with another one (MECHA)
which makes possible the estimation of root micro-hydraulic proper-
ties. Using this unique combination of computational tools, we were
able to pinpoint the crucial role of root anatomy, subcellular hydraulic
properties and the maturation stages.

These hydraulic properties were then linked to the root system
typology and age. We went along the root axis of different root types
and analysed how anatomical trait changes along those axes could
add up significant variation to the root hydraulic conductance. Our
analysis revealed the importance of maturation rates, such as the
timing of the suberin deposition in the endodermis cell walls and
the age of maturation for the meta-xylem vessels. These maturation
stages change drastically the root hydraulic properties and have the
potential to create very different uptake patterns at the root system
level.

Finally, we scaled up one step further, and studied the global
impact of root hydraulic anatomy on growing plants. To do so we
developed a virtual phenotyping pipeline for root hydraulic traits
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(Hydraulic Viper) which encompass the previous understanding of the
root hydraulic anatomy. This enabled us to understand the pivotal
role of the root radii of zero-order roots, the contribution of aquaporins
to the cell membrane permeability, and the root maturation rates on
the overall root water uptake performance.

The simulations that we performed on the maize variety B73
showed that the water depletion risk due to high root water uptake
can result in a decrease of the potential transpiration rates. This
was especially the case in the silty clay soil where the soil retention
capacity was low. This trend was also observed when we tested the
Mexican maize landraces. However, to recover from over-depleted
soil layers, the root systems were either awaiting for the next rainfall
events or increasing their reach to deeper soil layers. Therefore, we
deduced that when there is a lack of available water, the emergence
timing, the numbers, and the growth rate of zero-order roots are key
root traits that allow the root system to explore the soil and absorb
water at different depths. It was also noticed that some root systems
saved up water which was used later without decreasing their poten-
tial transpiration rates. These water saving phenotypes had generally
small contributions of aquaporins to the cell membrane permeability
or small seminal roots, either from small root radius or from small
root count and growth rate.

This thesis demonstrated the interest of exploring potential phe-
notypic adaptation to specific pedo-climatic conditions with dynamic
aspects. Further testing and better integration of other root func-
tions are needed to evaluate the fitness of root systems in specific
pedo-climatic conditions.
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