
in silico Plants, 2023, 5, 1–12
https://doi.org/10.1093/insilicoplants/diad012
Advance access publication 14 September 2023
Original Research

© The Author(s) 2023. Published by Oxford University Press on behalf of the Annals of Botany Company.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits 
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Original Research
Phloem anatomy restricts root system architecture 

development: theoretical clues from in silico experiments
Xiao-Ran Zhou,  Andrea Schnepf,  Jan Vanderborght,  Daniel Leitner, Harry Vereecken and 

Guillaume Lobet*,

Institute of Bio- and Geosciences, Agrosphere (IBG-3), Forschungszentrum Jülich GmbH, Wilhelm-Johnen-Straße, 52428 Jülich, Germany
*Corresponding author’s e-mail address: g.lobet@fz-juelich.de

Handling Editor: Xin-Guang Zhu

A B ST R A CT 

Plant growth and development involve the integration of numerous processes, influenced by both endogenous and exogenous factors. 
At any given time during a plant’s life cycle, the plant architecture is a readout of this continuous integration. However, untangling the 
individual factors and processes involved in the plant development and quantifying their influence on the plant developmental process is 
experimentally challenging. Here we used a combination of computational plant models (CPlantBox and Piaf Munch) to help understand 
experimental findings about how local phloem anatomical features influence the root system architecture. Our hypothesis was that strong 
local phloem resistance would restrict local carbon flow and locally modify root growth patterns. To test this hypothesis, we simulated the 
mutual interplay between the root system architecture development and the carbohydrate distribution to provide a plausible mechanistic 
explanation for several experimental results. Our in silico experiments highlighted the strong influence of local phloem hydraulics on the 
root growth rates, growth duration and final length. The model result showed that a higher phloem resistivity leads to shorter roots due to 
the reduced flow of carbon within the root system. This effect was due to local properties of individual roots, and not linked to any of the 
pleiotropic effects at the root system level. Our results open a door to a better representation of growth processes in a plant computational 
model.
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1.   I N T RO D U CT I O N
Plants develop complex architectures, both above ground (the 
shoot) and below ground (the root system) (Drouet and Pagès 
2003). An optimal architecture ensures that the different plant 
organs are ideally positioned in the environment to capture 
resources needed for their growth (Pagès et al. 2014; Kahlen and 
Chen 2015). Belowground, an efficient root system architecture 
ensures that individual roots are able to take up water and nutri-
ents from the soil and transport them to the shoot (De Bauw et 
al. 2020). Since the availability of soil resources is highly hetero-
geneous, both in space and time, plants need to constantly adapt 
and develop their root system architecture (Morandage et al. 
2021). Understanding how this development is controlled and 
regulated by the plant is an important open question.

The development of the root system fundamentally relies on 
three simple processes: root growth, self-re-orientation within 

the soil matrix (tropism) and production of next order (gen-
eration) of roots (Leitner et al. 2010). These new branches, or 
laterals, develop further following the same dynamical mecha-
nisms. However, despite being individually simple, the assembly 
of these processes at the plant level quickly becomes complex as 
growth, tropism and branching are all influenced by exogenous 
and endogenous factors (Sharp et al. 2004; Ahmed et al. 2022). 
Exogenously, for instance, local soil water gradients can have a 
large influence on all the three processes (growth, tropism and 
branching). Endogenously, the amount of carbohydrates reach-
ing individual root tips can restrict their growth. The amount of 
carbon reaching each growing tip is then directly linked to the 
growth potential and development of the root system.

Unlike leaves, roots are non-photosynthetic organs. The res-
piration maintenance (carbon consumed to maintain the living 
organ) and growth at each location of a root system relies on the 
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carbon that is transported from the leaves. This long-distance 
transportation from leaves to root takes place within the phloem 
vasculature, which is continuous throughout the whole plant. 
According to the pressure-flow model of phloem transport, sev-
eral key factors influence carbohydrates transport within the 
plant:

1.	 the loading rate of carbohydrates into the phloem sieve 
tubes in source organs (e.g. leaves) (de Vries et al. 2021),

2.	 the unloading rate of carbohydrates out of the phloem 
sieve tubes in sink organs (e.g. roots) (Uys et al. 2021),

3.	 the connections between the different plant organs 
(Delory et al. 2016) and

4.	 the distribution of resistances of individual phloem vessels 
throughout the plant (Knoblauch et al. 2016).

How carbon transport controls growth is therefore a com-
plex, multi-scale problem. Locally, the root phloem resistivity 
is influenced by its anatomy (e.g. the radius of the sieve tubes 
as shown in Supporting Information—Fig. S1); holistically, 
the length of a root changes its total resistance and influences 
the amount of available carbon at its tip (Fig. 1). The growth 
of a plant is therefore influenced by its architecture and anat-
omy, and defines both at the same time. This creates a complex 

feedback loop between the phloem flow and the development 
of the root system (see Supporting Information—Figs. S3 and 
S4). Complex patterns, which are independent of potential 
pleiotropic effects, can be caused by local anatomical variations. 
From an experimental point of view, disentangling the different 
processes (e.g. how resistivity of sieve tubes affects root growth 
rate and final length) to understand their relative contribution 
is a complex task (Bidel et al. 2000; Dilkes et al. 2004). From 
a simulation point of view, we previously presented a model 
of carbon and flow within a whole plant structure (Zhou et al. 
2020), but without feedback loops between the carbon alloca-
tion and local growth. In this context, a feedback loop between 
anatomical structures (phloem and xylem) and architecture was 
not complete.

Here we present an in silico analysis of such a complex system 
and further use the outcome to explain experimental observa-
tions. To do so, we deepened the coupling between a compu-
tational model of plant growth and development, CPlantBox 
(Zhou et al. 2020), and a solver of the pressure-flow model of 
carbohydrates movement within the plant structure, PiafMunch 
(Lacointe and Minchin 2008, 2019). Compared to the previous 
publication (Zhou et al. 2020), which only transfers information 
from CPlantBox to PiafMunch, the coupling in this publica-
tion also transfers information from PiafMunch to CPlantBox 

Figure 1. Plant vasculature can cast the shape of architecture. A: The carbon and water flow reaching the end of the organ part is calculated 
through pressure and resistance. Thus, the phloem resistance affects the carbon flow at root tips. B: Previous experimental studies have shown 
that xylem hydraulics affect plant size (Zhong et al. 2019; García-Cervigón et al. 2020). C: We hypothesize that local phloem restrictions (high 
resistivity) influence local growth patterns and ultimately root system architecture. For example, low phloem resistivities result in long roots in 
the left plant; high phloem resistivity result in shorter roots in the middle plant; mixed low and high phloem resistivity result in mixed lateral 
root length in the right plant. The effect of resistivity on root length can be independent of potential pleiotropic effects .
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(carbon availability). Using this improved model coupling, we 
designed three in silico experiments (Table 1) to show how car-
bohydrates transport and root system development are influenc-
ing each other and how they are influenced by local root phloem 
properties.

Our main hypothesis is that local phloem hydraulic proper-
ties can shape the root growth and development, and therefore 
modify the root system architecture as a whole. More specifi-
cally, during in silico experiment 1, we tested how changes in tap-
root resistivity influences the root architecture. During in silico 
experiment 2, we tested how the root architecture is influenced 
by homogeneous changes in lateral resistivity. Finally, in silico 
experiment 3, we randomly changed local lateral root resistiv-
ity to isolate potential pleiotropic effects of changes in carbon 
allocation.

2.   M AT E R I A L  A N D  M ET H O D S
2.1  Brief descriptions of the models CPlantBox and 

Piaf Munch
CPlantBox is a generic computational plant model (Zhou et 
al. 2020) and it was designed to create a growing plant struc-
ture containing both the root and the shoot based on growth 
rules that describe organ elongation, branching, orientation 
and senescence. CPlantBox can be connected to other models, 
in such a way that the simulated architecture can be used as a 
numerical grid to simulate diverse functions such as water flow 
(Lobet et al. 2014; Morandage et al. 2021), exudation (Landl et 
al. 2021), nutrient uptake (De Bauw et al. 2020) or carbon and 
water flow (Zhou et al. 2020).

PiafMuch (Lacointe and Minchin 2008, 2019) is a solver of 
coupled carbon and water flow in phloem and xylem respec-
tively, following Münch Theory (Münch 1930). In both mod-
els, PiafMunch and CPlantBox, the topology of the plant is 
abstracted as a set of connected nodes in 3D space. On top of 
the topology, functional parameters such as axial resistance of 
xylem and phloem, maintenance, loading rate and unloading rate 
are assigned on each node or connection. From this information, 
PiafMunch simulates the advective transport of carbohydrates 
through the phloem within the whole structure and returns the 
amount of carbon (delivered by sieve-tube flow) available for 
unloading at any node. Water flow in both xylem and phloem 
follows the Hagen–Poiseuille’s law. The hydraulic water potential 
gradient and pressure gradient drive both the xylem and phloem 

water flow, while only the phloem water flow with dissolved car-
bon is affected by the pressure generated by the osmotic gradi-
ents (Münch Hypothesis). There is water flow exchange between 
the xylem vessels and phloem vessels, which depends on the 
pressure and resistance between xylem and phloem, throughout 
the simulation. The carbon unloading is described as a first-order 
kinetic process in which the unloading rate is linearly dependent 
on the carbon concentration in the sieve tubes at each root tip. 
Excess carbon (unloaded carbon not used for the growth of the 
root tip) is considered to be exuded.

Here, we connected both models, such that, at each time step, the 
plant architecture is computed by CPlantBox, sent to PiafMunch, 
that in turn sends back to CPlantBox the amount of carbon avail-
able for growth at each root tip. The development of the structure 
in CPlantBox at the next time step is therefore constrained by the 
available carbon. The dynamic feedback loop between both mod-
els is illustrated in Fig. 2 and explained below.

2.2  Dynamic feedback between structures and functions
A Jupyter Notebook (Perkel 2018) was used as a mid-ware to 
control both CPlantBox (run under Windows Subsystem for 
Linux) and PiafMunch (run under Windows), see Section Code 
Availability. The Jupyter Notebook was used to initialize param-
eters and run simulations. A more detailed description of the 
method can be found in Supporting Information—S1.

2.2.1 Stage 1: initialization of architecture growth.
 Most parameters of CPlantBox, such as organ radius, potential 
growth rate and potential topological structure of each plant are 
kept constant throughout the simulation. The actual root growth 
rate, which was a parameter in our previous study (Zhou et al. 
2020), is now changed to a variable in this study. The actual 
growth rate varies depending on the carbon delivered to the 
root tip in this study. Although it is possible to generate some 
stochasticity by adding deviation to the parameters, in the results 
of this paper, we did not use any stochasticity except the random 
emergence of laterals, which will be shown in the results of in 
silico experiment 3.

2.2.2 Stage 2: Anatomy.
 Similar to the initialization of CPlantBox, most parameters of 
PiafMunch are also kept constant throughout in silico experi-
ments 1–3 except local phloem resistances, that are based on 
local anatomies (driven by changes in diameters). Phloem resis-
tivity and sieve-tube radius of specific root types, maximum 
loading rate and maximum unloading rate of each source or sink 
are kept constant in each in silico experiment. Details about the 
estimation of the different parameters are given in Stage 5.

While the root xylem radial and axial resistances are computed 
based on their local segment age (Supporting Information—Fig. 
S2) (Doussan et al. 1998; Heymans et al. 2021), the sieve-tube 
axial resistances are assumed to be constant within root types 
and not age dependent. The phloem axial resistivities are cal-
culated according to the Poiseuille law for water flow in a cylin-
drical tube, that is they are inversely proportional to the fourth 
power of the sieve-tube radius (Equation 1, see Supporting 
Information—S2 and Fig. S1).

Table 1. Comparison of the sensitivity in the in silico experiments 
(1–3).

Taproot Lateral root

Single sieve-
tube resistivity

Single sieve-
tube resistivity

Mixed 
lateral roots

In silico 
experiment 1

Varied Fixed No

In silico 
experiment 2

Fixed Varied No

In silico 
experiment 3

Fixed Varied Yes
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Rphloem -segment =
Rsingle _ sieve-tube

Nst _ cross
=

8 · η · lsingle _ sieve-tube

π(
dsingle _ sieve-tube

2 )
4
· Nst _ cross (1)

In Equation 1, Rphloem-segment (MPa h ml−1) is the resistance of a 
phloem segment, Rsingle_sieve-tube (MPa h ml-1) is the resistance of a 
single phloem sieve tube, Nst_cross (dimensionless) is the number 
of sieve tubes in a root cross section (dimensionless), η is the vis-
cosity of the phloem sap, which is assumed to be constant as 1.7 
(mPs∙∙·s), lsingle_sieve-tube (cm) is the length of the root segment, dsin-

gle_sieve-tube (cm) is the diameter of a single sieve tube. We assume 
the phloem resistance caused by the sieve plate is also propor-
tional to resistance caused by the change of the sieve-tube radius 
(see Supporting Information—Fig. S1).

2.2.3 Stage 3: carbon and water flow.
 At Stage 3, PiafMunch takes the architecture and anatomy infor-
mation generated in Stage 2, to simulate the carbon and water 
flow as explained in (Zhou et al. 2020). Although only carbon is 
studied in all the three in silico experiments, water is also simu-
lated in PiafMunch. This is because xylem water flow is a prereq-
uisite of the carbon flow, see (Minchin and Lacointe 2017) for 
details. At the end of Stage 3, the available carbon is allocated to 
the different plant segments.

2.2.4 Stage 4: available carbon.
 Once the carbon is allocated to the different part of the plants 
(local segments), the amount of carbon available for growth 
needs to be computed, based on the local maintenance and 
growth demands.

The dry mass of each root segment is calculated by the follow-
ing equation:

Mroot = ρdry × Vroot

= ρdry × π ×
Å
droot
2

ã2
× Lroot (2)

In Equation 2, Vroot (cm3) is the volume of one root segment, 
droot (cm) is the diameter of the root segment, Lroot (cm) is the 
length of this root segment and ρdry (g cm−3) is the dry mass 
density of root which is set to 0.1 (g cm−3) according to (Drouet 
and Pagès 2003). The total carbon of a segment used for mainte-
nance is set to zero.

In this stage, available carbon is calculated in the form of 
carbon satisfactory rate Scarbon (dimensionless, calculated 
from g g−1), which is the available carbon to be divided by the 
carbon needed for reaching full potential growth rate. The 
available carbon is equal to the carbon budget of cell wall 
formation divided by the carbon flow reaching the growing 
tip. Carbon maintenance only depends on the length of the 
segment.

VGrowth = LGrowth × π ×
Å
dSegment

2

ã2
(3)

Where VGrowth (cm3) is the volume of the root segment, LGrowth 
(cm) is the length of the segment, dSegment (cm) is the diameter of 
the segment.

MGrowth = VGrowth × ρdry (4)

Where MGrowth (g) is the root mass of the potential growth, 
VGrowth (cm3) is the volume of the potential growth, ρdry (g cm−3) 
is the dry mass density of the root.

CPotential = KCarbon_content × MGrowth (5)

Figure 2. A simulation from Day n to Day n + 1 includes six stages. The Stage 1 of the simulation is ‘initialization/architecture growing’, which 
initials the plant in CPlantBox before Day 1. The Stage 1 only happens once per simulation run (once per treatment). During Day 1, a very tiny 
plant (the most left column in the upper row) is growing. For each following simulation day, the simulation runs from Stage 2 to Stage 6, to 
calculate the growth rate on each root tip. Details about the different stages can be found in the Section 2.2.
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Where CPotential is the carbon content (g) used for potential 
growth, Kcarbon_content (dimensionless g g−1) is the carbon content 
percentage in the root mass.

CAvailable = JCarbon
× ∆t × KMolar _ mass _ of _ carbon (6)

Where CAvailable is the carbon available (g) for growth in the 
current segment. JCarbon is the carbon inflow (mmol h−1) of the 
current segment, KMolar_mass_of_carbon is the molar mass constant of 
carbon, here is approximately 0.012 (g mmol−1).

SCarbon =
CAvailable

CPotential (7)

Where SCarbon (dimensionless, calculated from g g−1) is the car-
bon satisfaction rate for growth in the current segment. CAvailable 
(g) is the carbon available for growth in the current segment, 
CPotential (g) is the needed carbon for maximal potential growth 
rate. The maximal growth rate (potential growth rate) is pre-
scribed in the parameter file of CPlantBox.

2.2.5 Stage 5: growth rate.
 In CPlantBox, the available carbon limits the potential growth 
rate of individual roots via a carbon satisfactory rate SCarbon calcu-
lated in Stage 4. The SCarbon is calculated as the ratio between the 
carbon needed for the potential growth rate (as defined in the 
CPlantBox parameter set) and the local carbon availability, as 
defined by PiafMunch, at each time step. The actual growth rate 
is therefore calculated by multiplying the potential growth rate 
and the carbon satisfactory rate. Each individual root tip uses the 
corresponding actual growth rate, gactual (cm day−1), in the next 
time step. The calculation is based on the following equation,

gactual = f (Scarbon) =
®
gpotential · Scarbonif Scarbon < 1
gpotential otherwise (8)

where Scarbon is the carbon satisfactory rate (dimensionless, calcu-
lated from g g−1); gpotential is the potential growth rate (cm day−1).

2.2.6 Stage 6: new architecture in CPlantBox.
 Unlike the initialization stage, which happens only once per 
simulation run, the root architecture grows at every time step. 
For simplicity, and to confine our study to the root system devel-
opment, we assume that the shoot growth rate is not affected by 
carbon or water. However, the actual root growth rate is calcu-
lated for each root tip, depending on the potential growth rate 
(as defined in the parameter file, which is identical among each 
sub-type) and the available carbon (as defined by PiafMunch 
in the previous time step). The actual growth rate is therefore 
always equal or lower than the potential growth rate as it may be 
limited due to the local carbon availability.

2.3  Description of the in silico experiments
We designed three in silico experiments to test the hypothesis 
that local root anatomies influence the formation of the root sys-
tem architecture. In each in silico experiment, three contrasted 

treatments were simulated for 15 days. In all treatments of each 
in silico experiment, all the structural and functional param-
eters are kept as constant as possible (shown in Supporting 
Information—S1). The simulated plant is a simple plant, with a 
single taproot bearing first-order lateral roots. The shoot growth 
and development is the same in all three in silico experiments 
(1–3) and not influenced by the carbon distribution within the 
plant. This is done to confine our study to the root system. An 
overview of the in silico experiments 1–3 is given below and sum-
marized in Table 1.

2.3.1  In silico experiment 1: variations in tap root resistivity influence 
only the tap root growth.

 In the first in silico experiment, we quantified the effect of tap-
root phloem resistivity changes on the carbon flow toward the 
root system and the consequence on the root system develop-
ment. To do so, we only changed the taproot phloem resistivity 
between the plants of this in silico experiment. The resistivity of 
the taproot in the three plants are 50%, 100% and 200% respec-
tively. The taproot resistivity variation in the in silico experiment 
1 is much lower than the variation in the laterals of in silico exper-
iment 2, because (i) this level of variation is enough to make a 
difference, (ii) high variation will make distinct incomparable 
root architecture. All three treatments are simulated from the 
same CPlantBox parameter file. Therefore, the potential archi-
tecture of the three plants are identical.

2.3.2  In silico experiment 2: variations in lateral sieve-tube radius 
influence the lateral root growth.

 In the second in silico experiment, we quantified the effect of the 
heterogeneous resistivity in lateral roots (induced by the heter-
ogeneity of sieve-tube radii) on the carbon flow toward the root 
system and the consequence on the root system development. In 
this in silico experiment, we changed the initial lateral root sieve-
tube radius (i.e. constant throughout the in silico experiment) for 
the different treatments. The resistivity of the laterals in the three 
plants are 50%, 100% and 150% respectively.

2.3.3  In silico experiment 3: Non-uniform lateral sieve-tube radii 
influence non-uniformly lateral root growth.

 In the third in silico experiment, we quantified the effect of the 
lateral root sieve-tube radius heterogeneity on the carbon flow 
toward the root system and the consequence on the root sys-
tem development. In contrast with experiment 2, in this in silico 
experiment, three types of lateral roots with different sieve-tube 
radii are grown in random order on the taproot in each treat-
ment. The aim of this third in silico experiment is to isolate poten-
tial pleiotropic effects of changes in carbon allocation.

3.   R E SU LTS
3.1  Overview of the analysis pipeline

In this study, we wanted to observe and quantify the theoretical 
effect of (i) sieve-tube resistivity on the local carbon flow within 
the root system and (ii) the effect of the subsequent carbon 
(delivered by carbon flow) allocation on the root system growth. 
To achieve this goal, we used a novel combination of computa-
tional plant models.
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First, we used the model CPlantBox (Zhou et al. 2020) to 
create a growing 3D plant structure (root and shoot), from a 
default user-defined parameter set. Second, we used a mecha-
nistic model of phloem and xylem flow, PiafMunch (Lacointe 
and Minchin 2019), to solve the distribution of carbohydrates 
within the plant. Third, we created a dynamic feedback loop 
function between both models, such that the distribution of 
carbohydrates (in PiafMunch), at each time step, influences 
the formation of the plant architecture at the next time step 
(in CPlantBox). This allowed us to quantify the mutual effect 
between the distribution of carbohydrates and the establish-
ment of the plant architecture.

The effect of the root phloem anatomy on the carbon dis-
tribution and root development was achieved via the modifi-
cation of the phloem hydraulic conductivity (Zwieniecki et al. 
2002; Jensen et al. 2012; Knoblauch et al. 2016; Holbrook and 
Knoblauch 2018). Different phloem hydraulic resistance in both 
the primary root (in silico experiment 1) and the lateral roots (in 
silico experiments 2 and 3) lead to a different final root length. 
We also quantified the induced changes on the root system 
growth and development. Details about the different parts of our 
analysis pipeline are given in the Section 2.

3.2  Phloem resistivities constrain the final length of primary 
and lateral roots

In the different simulations, we changed the phloem resistivity of 
the primary root or the phloem resistivities of the lateral roots. 
We observed a direct influence of such change on the final length 
of the affected roots (Fig. 3). As a general rule, when the phloem 
resistivity of a root increases, its final length decreases. This was 
observed for the primary roots (Fig. 3A and B) and for the lateral 
roots (Fig. 3C–F).

In Fig. 3E and F, we can also observe that the decrease in 
final root length is a consequence of a local change in root 
phloem resistivity and not a pleiotropic effect at the root sys-
tem level. Indeed, when mixing roots with different phloem 
resistivities within a single root system (Fig. 3E), we can 
see that the final length is influenced by these resistivities 
alone, and not the resistivities of the neighbouring roots. 
Furthermore, if we compare Fig. 3D and F, we can see that lat-
eral roots with the same tube radius have similar behaviours, 
irrespective of their neighbours or position on the primary 
root. A comparison between 11 treatments in the in silico 
experiment 3 and the linear regressions of in silico experiment 
2 is shown in Supporting Information—Fig. S5.

3.3  Phloem resistivity constrains the growth duration of 
primary and lateral roots

In addition to the effect of the phloem (single sieve tube) resis-
tivity on the final length of the roots, it seems to have a strong 
effect on the growth duration of individual roots (Fig. 4). In 
our model, the actual growth rate is indeed modulated by the 
amount of carbohydrates available at the root tip. If that amount 
is not enough to sustain the potential growth rate, as defined in 
the original parameter set, the growth rate is adjusted.

Again, for both the primary and the lateral roots, we observed 
that the changes in phloem resistivity impose strong constraints 
on the growth rate. For the tap roots, the growth is identical for 

the first 7 days, independently of the phloem resistivity (Fig. 4A). 
After the 7th day, the root with the largest resistivity decreases its 
growth, then stops after the 15th day completely. The same can 
be observed after 7 days for the roots with 100% and 50% single 
sieve-tube resistivity, respectively.

For the lateral roots, the picture is less clear, as many roots 
are influenced at the same time. However, the same dynamic can 
be observed as for the primary root. Indeed, the duration of the 
growth period seems to be directly linked to the hydraulic resis-
tivity of the phloem (Fig. 4B). As the phloem resistivity of indi-
vidual roots increases, the growth period of these roots shortens.

Newly formed leaves act as additional carbon sources as 
shown in Fig. 4C. The increased carbon loading leads to an 
increase of the growth rates (e.g. on Day 9 and Day 12 in Fig. 
4A). Although the same amount of new carbon was loaded 
into the phloem conduits on Day 9 and Day 12, the growth rate 
increment of the three treatments are different. The growth rates 
of the low-resistance treatment is equal for both days while the 
growth rate of two higher resistance treatments are lower on Day 
12 than the growth rate of on Day 9.

The lateral growth rate changing trends also differed between 
the three treatments of in silico experiment 2 as shown in Fig. 4B. 
The growth rate of high resistance lateral is lower, which is simi-
lar to in silico experiment 1. However, we observe less fluctuation 
on Day 9 and Day 12.

3.4  Local phloem resistivities influence carbon allocation 
between the root and the shoot

The observed changes in growth can be linked to changes in 
the carbohydrate flow within the root systems. In the different 
simulations, the total carbon production was equal across the 
in silico experiments 1–3 (same loading rate of carbohydrates in 
the phloem at the shoot level) (Fig. 5A). However, the carbon 
allocation between the root sieve tubes (Fig. 5C) and the shoot 
sieve tubes (Fig. 5B) was different in the three treatments. We 
can indeed observe that in larger primary root resistance result in 
sieve-tube carbon content is lower in the root and higher in the 
shoot. The divergence of the sieve tube carbon content indicates 
the root system hydraulic profile, as more carbon needs to stay 
in the shoot sieve tube to overcome the root phloem hydraulic 
resistance. The total amount of carbon in Fig. 5A is equal to the 
sum of Fig. 5B and C. It is very interesting to see that the car-
bon content in sieve tubes reached equilibrium by distributing 
carbon content between the shoots (sources) and roots (sinks).

These allocation patterns are not predefined in the model, but 
the output of the mechanistic model which describes the carbon 
flow within the system. The changes in allocation are therefore a 
direct consequence of the altered phloem resistivities (additional 
Figures in Supporting Information—S2, Fig. S3-4 and addi-
tional simulation for 30 days in Supporting Information—S3).

4.   D I S C U S S I O N
4.1  Phloem resistance creates a sink limitation to 

carbohydrate flow
In our simulations, we could observe a strong limitation to the 
carbon flow in the system due to changes in the conductivities 
along the carbon pathways (and not directly due to changes in 
local carbon sink strength). As the carbon loading at the leaf level 
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was set at a constant value in all simulations, the total amount of 
carbohydrates injected into the system was constant for each leaf 
(and therefore increasing during the simulation as new leaves 
were produced Fig. 4C). However, the distribution (allocation) 
of the carbohydrates within the plant was strongly influenced by 

total root phloem resistances (Fig. 3D and F and see Supporting 
Information—Fig. S5). In our simulations, the phloem anatomy 
was therefore directly linked to a sink limitation of carbon flow 
within the plant. As the root phloem resistance along the path 
of carbohydrates becomes too high, the flow decreases to a stop, 

Figure 3. Growth patterns of in silico experiment 1–3 in two-dimensional projections and length charts. A: 2D projection of in silico 
experiment 1 (tap root sieve-tube varies); B: Roots with a higher resistance (thick lower line) grow for a shorter time compared to roots with 
a low resistance (thin upper line). C: 2D projection of experiment 2 (lateral sieve-tube varies). D: Length of the lateral roots for the different 
scenarios, as a function of their insertion geodesic distance from the seed. E: 2D projection of the root systems from in silico experiment 3 
(non-uniform laterals with different sieve-tube radius). F: Length of the lateral roots for the different scenarios, as a function of their insertion 
geodesic distance from the seed. Scatter points are connected into lines to represent different plants.
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preventing the resources, which are needed for individual root 
growth, to reach the root apexes. It is worth noting that, in our 

simulations, the limitation is not at the sink itself (the potential 
demand for carbon was identical in all simulations), but on the  
path of carbon leading to that sink. If that path is limiting the 
flow, it becomes impossible to push carbohydrates along  
the roots, no matter how strong the local demand at the apexes 
is. This brings a new perspective to previous published studies 
that have shown a strong effect of local root tip demand on the 
global architecture, but did not take the resistance along the 
phloem vasculature explicitly into account (Pagès et al. 2020).

From a breeding perspective, this indicates that the phloem 
resistance in the roots can be a strong restriction to root/shoot 
allocation manipulation. If we aim at creating larger root systems, 
either to access more resources (Lobet et al. 2012; Lynch 2013; 
Lobet, Couvreur, et al. 2014) or to store mode carbon within the 
soil (Bidel et al. 2000; Dilkes et al. 2004), it is critical to take this 
sink limitation into account.

4.2  Phloem anatomy as a driver of root architecture
Our simulation results indicate that, in theory, local phloem 
resistance can have a strong influence on the growth and devel-
opment of single roots and therefore influence the shape and 
function of the root system as a whole. The effects observed in 
this study are limited to small plant architectures but are expected 
to become larger as the plant grows. Small effects observed at the 
beginning of the growing period will accumulate during the root 
system development, leading to very distinct developmental tra-
jectories (see Supporting Information—Fig. S6).

This opens up interesting perspectives in root research. It 
means that some specific phloem developmental traits, such as 
to locally increase or decrease its resistivity, has the potential to 
manipulate the growth and development of specific root types 
and to shape the root system architecture as a whole.

From a root modelling perspective, our results suggest that 
the final root length of specific roots could be seen as output 
of the model (additional simulation for 30 days in Supporting 
Information—S3), rather than inputs, as it is the case with 
most current root models (Pagès et al. 2004, 2014; Postma et al. 
2017; Schnepf et al. 2018). However, the modelling approach 
described here is likely to be too demanding in terms of com-
puting resources, making it impractical for large-scale modelling 
studies. A tighter integration between the different models (here 
CPlantBox and PiafMunch) or the use of upscaling methods 
could help to incorporate these mechanistic processes into larger 
scale models.

4.3  Phloem anatomical variance explains uneven 
development between roots with different diameters

Many studies have established links between root diameter 
and function. For instance, root diameter has been shown to be 
linked to specific root length and mycorrhizal colonization (Ma 
et al. 2018), foraging capacity (Colombi et al. 2017) or the root 
capacity to uptake water (Heymans et al. 2020). Root diameter 
has also been linked to root developmental properties such as 
growth rate (Pagès and Picon-Cochard 2014), branching den-
sity (Pagès 2016) or root system architecture as a whole (Pagès 
and Kervella 2018). These links have been shown to hold true 
between species, but also within single plants. Although the 
ρdry is set to a constant parameter in the simulation, the output 

Figure 4. Daily root growth rate is affected by both the phloem 
resistivity and carbon source input, while the phloem resistivity is 
the deciding factor of final root length. A: The increase of tap root 
growth rate on Day 12 is caused by a newly growing leaf, which 
loads more carbon into the phloem; B: Average (colored lines) and 
quantile (25% to 75% in colour area) of the laterals’ growth rates in 
the in silico experiment 2 show variability among the root growth 
rate of the three plants; C: Five plant leaves are grown consecutively 
on Day 2, 4, 6, 9 and 12.
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Figure 5. Comparison among the sums of sieve-tube content (but not the accumulated carbon distribution) of whole plants, shoots and roots 
in the in silico experiment 1. A: After the 8th day, the sum of all sieve-tube solute carbon content in the whole plant is the same between the 
three treatments. The slight difference, which is caused by the newly growing leaves (explained in Supplementary Information), mainly showed 
up during the first 8 days. B: In the shoot, leaves are growing, which in turn increase the sieve-tube carbon content. C: In the root, the sums of 
sieve-tube carbon content in the three plants are similar during the first 6 days, because the root sizes are similar. Later on, the root with larger 
resistivity grows less, in turn the plant with high phloem resistance has smaller root size and contains less carbon content.
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roots are actually equipped with diverse root-specific length (see 
Supporting Information—Fig. S6). This result also aligned with 
the previous publications (Freschet et al. 2015; Rose 2017; Rose 
and Lobet 2019). Recent studies have quantified the growth and 
development of several root types growing on the same primary 
roots (Passot et al. 2016, 2018; Muller et al. 2019). Recently, a 
clear connection between phloem diameter and growth was 
shown by (Tang et al. 2022). These different root types have 
been shown to have contrasting anatomy, growth rate and final 
length, leading to highly heterogeneous root system architec-
tures, even within homogeneous conditions.

We were able to qualitatively reproduce various distinct devel-
opmental dynamics (Clerx et al. 2020; Lupi et al. 2010; Tang et 
al. 2022) (differences in growth rate and final length) by chang-
ing only the root phloem resistivities. As phloem resistivity is, 
to some extent, linked to the root diameter (as the diameter 
increases the number of phloem poles increases as well), our sim-
ulation results could explain some of the differences observed 
between roots of different diameters (Passot et al. 2016, 2018; 
Muller et al. 2019).

4.4  Current limitations of the model
By design, our in silico experiments focussed on the growth and 
development of the root system. For simplification purposes, 
we did not explore the effect of local resistance changes in the 
shoot. We also did not include feedback mechanisms between 
the carbon allocation and shoot functional features such as leaf 
area, leaf thickness or photosynthetic efficiency, that all have 
been shown to respond to changes in allocation patterns. On the 
root system side, root density (ρdry), which directly affects the 
root structural growth, is set to a fixed value. Again, changes in 
tissue density have been shown experimentally to vary with car-
bon allocation (Freschet et al. 2015), which might modulate our 
theoretical results. However, we feel these additional feedback 
loops within the model would not change the interpretation of 
our main results.

5.   CO N CLU S I O N
In this study, we have used a computational pipeline to explore 
the interplay between local phloem hydraulic properties and the 
global root system development. We have shown that a local 
decrease in the phloem conductivity can lead to shorter roots, 
with a slower growth rate and shorter growth duration. We have 
also shown that this change in architecture was not due to a plei-
otropic effect at the plant level, but mainly a local effect of the 
phloem properties.

Our results are well in line with experimental results that have 
studied the link between root diameter, length and growth. They 
provide a simple mechanistic explanation to the variety of root 
types observed experimentally and provide an alternative expla-
nation to the effect of root tip sinks alone.

Finally, from a modelling point of view, our results provide a 
first example where the features of single roots within the root 
system (such as their growth rate and final root length) are not 
prescribed a priori but are an emergent property of the system. 
This opens the way to move plastic representation of the root 
system within computational models.

SU P P O RT I N G  I N F O R M AT I O N
The following additional information is available in the online 
version of this article –

Each of the three directories (‘Experiment1’, ‘Experiment2’ 
and ‘Experiment3’) contains all the input and output data of the 
in silico experiment 1, in silico experiment 2 and in silico experi-
ment, 3 respectively.

-The ‘ini’ input files are used for each plant’s carbon and water 
flow simulation.

-The ‘txt’ output files are the result of the carbon and water 
flow simulation.

-The ‘csv’ file contains the information of the figures and the 
‘vtp’ file can be used for animation.
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