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Abstract An agent-based model for simulating the
in vitro growth of Beta vulgaris hairy root cultures is
described. The model fitting is based on experimental
results and can be used as a virtual experimentator for root
networks. It is implemented in the JAVA language and is
designed to be easily modified to describe the growth of
diverse biological root networks. The basic principles of
the model are outlined, with descriptions of all of the rel-
evant algorithms using the ODD protocol, and a case study
is presented in which it is used to simulate the development
of hairy root cultures of beetroot (Beta vulgaris) in a Petri
dish. The model can predict various properties of the
developing network, including the total root length,
branching point distribution, segment distribution and
secondary metabolite accumulation. It thus provides valu-
able information that can be used when optimizing culti-
vation parameters (e.g., medium composition) and the
cultivation environment (e.g., the cultivation temperature)
as well as how constructional parameters change the
morphology of the root network. An image recognition
solution was used to acquire experimental data that were
used when fitting the model and to evaluate the agreement
between the simulated results and practical experiments.
Overall, the case study simulation closely reproduced
experimental results for the cultures grown under equiva-
lent conditions to those assumed in the simulation. A 3D-
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visualization solution was created to display the simulated
results relating to the state of the root network and its
environment (e.g., oxygen and nutrient levels).
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Abbreviations

AVL Adelson-Velski and Landis (tree)
CSv Comma separated values

MFA  Metabolic flux analysis

MS Murashige & Skoog

MSL Mean segment length

ODE Ordinary differential equation
OOM  Object oriented model

SSL Single segment length (mm)
SSM Single-way state machine

TBP total number of branching points
TNS Total number of segments

TRL Total root length (mm)

TRV Total root volume (mm?)

UML  Unified modeling language
VERN Virtual experimentator for root networks
X Biomass (g/L)

Introduction

Plants produce a wide range of nutritionally, physiologi-
cally, and pharmaceutically important secondary metabo-
lites. However, the scope for conventional industrial
exploitation of these substances has historically been lim-
ited by environmental and geographical factors. The pro-
duction of secondary metabolites in plant cell and tissue
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cultures represents an alternative to classical methods for
obtaining such compounds. This method enables year-
round cultivation in bioreactors under optimized condi-
tions, does not require the use of harmful substances such
as pesticides, and can facilitate the product’s approval by
agencies such as the FDA and ESFA because of the well-
defined culture conditions that are used. Hairy root cultures
are plant cell cultures that have been manipulated using
Agrobacterium rhizogenes and are particularly useful in the
production of valuable secondary metabolites such as the
red pigments known as the Betalains that were first iden-
tified in beetroots (Beta vulgaris). However, there are
several important challenges associated with bioreactor
cultivation and the process of screening for promising
culture lines in Petri dishes, and these will have to be
overcome to expand the scope of the bioreactor approach
[1, 2].

In the past, many researchers have conducted systematic
experimental campaigns to identify optimal conditions for
the production of secondary metabolites using hairy root
cultures. For example, Georgiev et al. [3] and Mukundan
et al. [4] reported detailed investigations into the produc-
tion and release of Betalains, Nussbaumer et al. [5] studied
the use of hairy root cultures derived from Datura candida
and Boschke et al. [6] investigated on colony formation
and dense-branching growth of several yeasts. However,
there is growing interest in the use of in silico modeling of
growth processes as a way to identify improved culture
conditions and media compositions, and for the develop-
ment of bioreactor environments that are suitable for dif-
ferentiated plant cultures. Metabolic flux analysis (MFA)
has proven to be a powerful computational tool for inves-
tigating growth processes at the single cell level, and has
been used to predict growth rates [7] as well as to elucidate
the pathways involved in the production of target metab-
olites [8]. In addition, various purely macroscopic methods
have been used to describe growth processes in hairy root
cultures. For example, Ptashnyk et al. [9] used a macro-
scopic kinetic model to describe the absorption of nutrient
substances through the cell wall, and Cloutier et al. [10]
developed a kinetic model that describes the metabolism of
nutrients by Catharanthus roseus and Daucus carota hairy
root cultures to predict their growth and nutritional
behavior under various conditions. Data generated using
the latter model were used to support the up-scaling of a
technical process. A population balance model that pro-
duces macroscopic forecasts concerning the formation and
elongation of new root branches in hairy root cultures has
been developed by Han et al. [11], and a comprehensive
overview of the various mechanistic models for root net-
work formation has been compiled by Dupuy et al. [12].
Although numerous approaches have been introduced for
the analysis of specific isolated problems, there is currently
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no general structured growth model that can quantitatively
predict the growth processes of hairy roots in different
cultivation systems on the macroscopic scale and in phe-
nomenological terms [1].

While there is a lack of general predictive models for
hairy root cultures, Walther et al. [13, 14] have conducted
important experimental and theoretical investigations into
mycelial growth in yeasts, and other studies have produced
a mathematical model describing the regulatory mecha-
nisms that govern yeast colony development [15]. In
addition, a conclusive, partially object-oriented and agent-
based approach known as BacSim has been developed by
Kreft et al. [16] for the modeling of biofilm growth. Further
elaboration of this model resulted in the development of the
iDynoMiCS-suite [17], which uses a series of relatively
simple individual elements to describe a much more
complex overall process (in this case, biofilm growth and
behavior). The work presented herein was inspired by this
approach. The principal elements of our model data
structure for simulating the evolution of morphological
structure in hairy root cultures are based on the findings of
Lindenmayer [18, 19], who introduced the so-called
L-systems to describe filamentous growth processes.
Aristid Lindenmayer in the late 1960s developed a math-
ematical description for the pattern formation during fila-
mentous growth processes where cells change their state
during cell division to form apical or banding patterns.
With the finding to mathematically arrange agents to form
a specific geometry it was possible to recreate nature-like
plant shapes.

The aim of the studies reported herein was this to con-
struct and fit a structured growth model for hairy root
cultures and to simulate the development of their mor-
phology to generate data that could be used to facilitate
media optimization and structure determination, and to
predict the sensitivity of cultures to morphological chan-
ges. This in turn should enable the design of new and
improved bioreactors. The introduction of reliable predic-
tive in silico methodologies should reduce the amount of
experimental effort and laboratory time required to identify
practical in vitro culture conditions.

The modeling and simulation tool developed in this
work has been named the “Virtual Experimentator for Root
Networks” (VERN). It consists of four different modules
and is based on a single-way state machine (SSM):

1. Root- and organism-specific input data,

2. Recursive description and simulation algorithms,
which are implemented using a SSM,

3. A 3D-visualization solution, which is used to display
the simulated results,

4. A data output solution that generates time-step specific
output files and output files containing information on
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the overall outcome of the simulation to facilitate
further analysis

The following sections describe the development of this
comprehensive system for modeling the growth of dense
root networks, and a practical application in the modeling
of a beetroot (Beta vulgaris) hairy root culture.

Materials and methods

It was necessary to collect and analyze experimental data
concerning the growth of Beta vulgaris hairy roots to
properly fit the model.

Cultivation conditions

The aim of the work was to model the growth processes of
Beta vulgaris hairy root cultures in Petri dishes. To provide
reference data, cultures were grown in Petri dishes (92 mm
diameter, Sarstedt 821473001), filled with Murashige &
Scoog solid medium (MS, Duchefa Biochemistry, [20]) to
a depth of 7 £ 1 mm. The medium was supplemented with
30 g/l sucrose (Duchefa Biochemistry, Haarlem, The
Netherlands), 5.5 g/L plant agar (Duchefa Biochemistry)
and cultivated at 26 °C, using sub-cultivation intervals of
14 days each. The experiments were initiated by placing
one Beta vulgaris hairy root sample (ca. 10 mm in length)
in the center of each Petri dish. Six replicate cultures were
established.

Experimental data collection

As previously reported by Lenk et al. [21], experimental data
for the modeling of the root network evolution were collected
using a special tripod for Petri dish imaging in conjunction
with an innovative method of automatic image recognition.
Images of the Petri dishes containing the samples were
recorded at 12 or 24 hintervals and analyzed to determine the
cultures’ growth rates and biomass production, and to mon-
itor the intracellular accumulation of the red pigment Beta-
lains. Image recognition was achieved by extracting the
following parameters directly from each image:

e The length of every single segment (SSL),

e The segment volume,

e The width of each segment at both ends and in the
middle,

e Branching point metrics, and

e The red pigment concentration (as a percentage) for
each single segment.

In addition, global parameters such as the total root
length (TRL), the total volume of the root network (TRV)

and global mean values for all relevant single parameters
such as the mean segment length (MSL) were calculated
during the image recognition process. The resulting data
were processed further to generate the data required for
model fitting (see “Hairy root model architecture”).

Root- and organism-specific input data
and environmental parameters

The output files produced by the image recognition system
are used to determine the specific input data for the mod-
eling process [21]. Two specific data types are collected by
the image recognition system at each time-step: data on
global evolution and changes in growth behavior, and
segment-specific data.

Global data such as the total number of segments (TNS),
total root length (TRL), total number of branching points
(TBP), mean distance between adjacent branching points,
pigment concentration in each segment and the direction of
growth characterize the root system as a whole. Con-
versely, segment-specific data describe the evolution of
individual segments and can be used to identify differences
in the behavior and properties of younger and older seg-
ments with respect to characteristics such as length, width,
volume and pigment concentration.

To characterize the functional development of each
variable of interest, it was necessary to conduct several
experiments using hairy roots growing under identical
conditions (in terms of temperature, medium, timeframe,
etc.) to determine the mean value of each characteristic per
time-step. By plotting and interpolating the development of
individual characteristic over time, we were able to char-
acterize the root’s functional behavior during the process of
growing (i.e., to determine whether each characteristic
changed in an exponential or linear fashion or remained
constant).

In the programmed library, all characteristics were
implemented with functional dependencies based on the
results obtained through the analysis of experimental data
to ensure that the simulated results would correspond well
with real-world outcomes. This made it possible to adapt
the program to describe all possible types of root growth
because the functional behavior of the characteristics
should be independent of the circumstances at hand,
although the precise values required for each parameter
will depend on the root organism being studied.

In practice, no natural process is perfectly reproducible;
there is invariably a relatively high degree of variation due
to random or uncontrolled factors. To account for this, a
degree of variation was incorporated into the parameters
governing every developmental process that was imple-
mented in the model. The specific distribution of the
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parameter values will depend on the root organism being
studied and can be adjusted on a case-by-case basis.

To enable the simulation of experiments using different
environments, parameters were introduced to describe the
geometric form of the vessel containing the medium and
the root organism as well as the chemical and physical
composition of the medium. This makes it possible to
simulate and visualize cultures grown in Petri dishes.

Hairy root model architecture

To structure the problems mentioned above the authors
used the standard protocol, ODD, introduced by Grimm
et al. [22] to describe this agent-based model. The ODD
generally consists of three blocks: overview, design con-
cepts, and details. Applications of these blocks to the hairy
root model can be found in the following three sub-
chapters.

Overview

To model the growth behavior of complex root networks
and the associated changes in morphology, it is necessary
to determine the model system (assuming at foqy; that it is
capable of unlimited growth to begin with) and to collect
the subject-related experimental data to describe the rele-
vant growth processes. In general, the growth of the root
network as a whole can be described in terms of three
separate processes [22, 23]:

e The formation of new tips and branching points
e Tip elongation
e Secondary thickening.

The complete model presented in this article is based on
these three processes. Its derivation is described in the
methods section, starting with the structure of the root- and
organism-specific input data. These data originate from
experimental results, and must be acquired before simula-
tions can be conducted. This is followed by an outline of
the developed model using the ODD-Framework by
Grimm et al. [22] together with a description of relevant
algorithms. The results of the simulations are visualized
using an OpenGL library implemented in JAVA to display
the data in 3D. To make the results scientifically useful, an
output structure has been developed to facilitate further
computation and other uses of the simulated results (see
“Time-step specific and overall output of simulation results
for further computation™).

To model the growth of hairy root plant tissue cultures,
the authors used a discretely timed recursive description
system which is solely based on the previous time-step.
Figure 1 illustrates this approach in terms of stepping from
time-step (¢) to time-step (¢ + 1) horizontally. Vertically it
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' parent
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Fig. 1 Principle overview of the simulation process, showing the
recursive time-step controlled algorithm horizontally and the single-
way state machine vertically

also explains the agent-based approach by incorporating
the single-way state machine which describes the life
stages of each agent. Single way state machines provide a
solution to discretely connect a combination of input sig-
nals to the relevant set of output signals. The sets are
grouped as stages that are being processed in a defined
order with only one direction thus referring to the term
single-way.

Every life stage is coded to a color: the formation of new
branches on the tips of the root network is represented in
bright green. Consequently, agents change to the next stage
in dark green representing the growth on the tip of the root
network. In order to make it possible for agents to form
branches not only on the tips of the root network it is
possible to form new agents within the root network which
happens in the stage parenting coded in light blue. Addi-
tionally, the agent right before a branch is in the stage
“branch” illustrated with yellow. Finally the grey frame at
every agent represents the third growth process secondary
thickening.

All properties of the agent forming the hairy root net-
work are outlined in Table 1 and can be grouped into two
clusters: physical parameters such as length, width, surface
and volume but also concentrations and capacities for
nutrients. Consequently, the stage every agent is currently
in is also a member property.

Design concepts

Starting point for the modeling activities was images of
hairy roots cultured on agar plates. The growth character-
istics should be mathematically described. An agent-based
description system was found to be suitable. Nevertheless,
the correct implementation of an agent in the given hairy
root network needed to be determined. Figure 2a shows as
small hairy root network sample where in Fig. 2b a typical
branching point is marked and enlarged in part c. To derive
a suitable data structure this part of the network is cut into
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Table 1 List of used state variables as properties of each agent with
unit and short description

Member property/state  Unit  Description

variable

dPhi 1 Local curvature of a
rootElement

width cm Width of a rootElement

length cm length of a rootElement

surface ecm?  Surface of a rootElement
derived from its length and width

volume cm® Volume of a rootElement
derived from its length and width

conSecMetab 1/ Concentration of secondary

cm’ metabolite in a rootElement
nutrientCapacity mg Maximum capacity of (a) nutrient

of a rootElement

nutrientAmount mg Amount of nutrient currently
present in a rootElement
oxygenAmount mg Maximum capacity of oxygen of a

rootElement

oxygenCapacity mg Amount of nutrient currently

present in a rootElement
lifestage Current stage of a rootElement

in the stage machine

small pieces each representing a cluster of cells (see
Fig. 2d). In the model this is the smallest individual part
and therefore the agent in this agent-based model and is
referenced as rootElement. When looking at the cen-
terpiece in Fig. 2e this rootElement is linked to three
other rootElements. Chains of rootElements from
one branching point to another or to a root network tip are
considered segments. For geometrical and transportation
purposes information will be exchanged between linked
agents. In Fig. 2fl, e.g., nutrient fluxes to and from a
rootElement to another are represented by arrows
while geometrical values such as length, width and con-
centration of a secondary metabolite are visualized in
Fig. 2f2. Generally, the geometry of every rootElement

> N,

(A) (B) ©

is represented as a frustum and properties like surface and
volume are derived from that.

As outlined above, the core component of the simulator
is the rootElements; these agents collectively comprise
the simulated organism. Their instances are then arranged
in the form of a sparse or incomplete binary tree to define
the root organism. So at least a link to the parent agent
exists. This structure makes it possible to refer each
instance to its neighboring agent for the simulation of
transport processes, and primarily affects the self-repli-
cating behavior of the organism as a whole. To model the
formation of branching points, two levels of agents of the
rootElements were defined: the main strand of the
hairy root culture (Fig. 1, dark green agent also called
branchl) and the offshoot (Fig. 1, light green agent also
called branch?2). This approach is based on the idea of a
parent strand that periodically produces a branching
daughter strand that itself again represents a main strand
for eventually generated branches. The term nutrient con-
tains data referring to the abundance of the carbon source
(in this case, glucose) that is turned into biomass. Fur-
thermore, oxygen is needed for biomass production and
growth. It is treated as a nutrient which has a high con-
centration above the agar and a very low concentration in
the medium. Implemented transport processes include
diffusion from air into the agar and from air and agar into
the rootElements.

The instances of rootElement provide all of the
relevant and available information on the hairy root cul-
ture. This information can be accessed using a large set of
methods. In general, each instance of rootElement
draws information governing its metabolism and deter-
mines threshold values for its development and behavior
from static members (which are typically constants, such as
the temperature) or by calling appropriate functions (e.g.,
the distance to the nearest branching point).

The most important method available to the rootE1L -
ements is the time-step method. Calling this method on
the original rootElement of the root organism, the

(F1)

t/
0’um

“

() () F2)

Fig. 2 Derivation of the hairy root model architecture and data structure from the root network (a) to the single agent, its properties and

interactions (f)
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structural root of the binary tree with no parent, further
referred to as “origin”, forces the simulation to advance
by incrementing the time variable.

Details

Due to the nature of the used recursive simulation approach
it is necessary to start the simulation under defined con-
ditions. The simulation needs to be initialized with a dis-
tinct original segment or a seed that has pre-defined,
experimentally determined geometrical parameters and a
direction of growth that follows a Gaussian distribution
(see Table 2 for parameters branchaxisPRandomAt -
Start, startLength, startWidth). This original
rootElement is placed on top of the medium at the
time-step .

Generally, there are three types of parameters available
in terms of their origin. The term “measured” refers to that
the value is directly derived from experimental data, while

the term “constructed” to a value that has been derived
from a set of experiments. Finally, several parameters are
needed to be fitted to match global experimental results.
Once a simulation starts every change to a rootEle-
ments is based on a parameter from Table 2. Conse-
quently, the stability in the curvature of adjoined
rootElements is controlled by the parameter in-
heritDPhi and the balance between the nutrient con-
centration and an agent’s volume is defined by the rate of
the nutrientVolumeFactor. To determine when a
new branch has to be formed specific probabilities such as
the intercalaryLevel have been implemented.

As explained in “Design concepts”, the root network
containing the rootElements supplied with nutrients
(in this case glucose) and oxygen for growth. To reflect
what happens in a real Petri dish several diffusion pro-
cesses need to be considered. The nutrient reservoir is
implemented as a 3D scalar field supported through a linear
interpolated equidistant 3D-grid locally providing a limited

Table 2 List of the numerical parameters used to simulate Beta vulgaris hairy root growth

Parameter Value Unit Description Source
maxConcGrad 100 1 Maximum concentration gradient Fitted
maxNutrFlow 1.0 mg cm 2 h™'  Maximum flow of nutrient into agents and between  Fitted
agents
builtSecMetab 50.0, 5.0% h Production of secondary metabolites Fitted
minLength 0.1 cm Minimum length of an agent Constructed
maxLength 0.5 cm Maximum length of an agent Constructed
minwWidth 0.02 cm Minimum width of an agent Constructed
startWidth 0.06 cm Initial width of the original agent Measured
startLength 1.4 cm Initial length of the original agent Measured
branchaxisPRandomAtStart 0.0, 0.02* ° Normal of agent growth direction Fitted**
inheritDPhi 0.8, 0.2* 1 Angle alteration for branchl curvature Fitted
newBranchWidthRandom 2 minWidth, 1 Sets width of a newly formed agent Fitted
0.05*
inheritWidthRandom 0.92, 0.05* 1 Alters width a joined agents Fitted
widthGrowthFactor 0.001052, h~! Defines secondary thickening of agents Measured
0.0005
nutrientVolumeFactor 0.31151647 mg cm™> h™"  Conservative balance between nutrient concentration Measured
and agent volume
specificLengthGrowthRate 0.1122, h™! Speed for tip growth Measured
0.00163*
growthCorrectionFactor 3 1 Growth speed correction due to effects of higher Fitted
order
intercalaryLevel 0.2 1 Probability to create a branch2 Fitted,
constructed
intercalaryTransientlength 0.05 1 Relative position in segment Fitted,
constructed
addRandom 0.0, 0.1* 1 Use as absolute factor for nutrient, oxygen and Fitted

secondary metabolites

* Center and standard deviation of a frequency distribution
** implementation detail (not measurable)
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amount of carbon source to the rootElements. Diffu-
sion processes are controlled by defined concentration
gradients and a maximum flow of nutrients and oxygen
between the environment and a rootElement (see
Table 2 for parameters maxConcGrad and maxNutr-
Flow). Oxygen is limited in the medium but unlimited on
top of the agar.

While all necessary parameters are explained in Table 2
events are used to trigger a change of a rootElement or
the creation of a new one. In this part the five sub-models
used to simulate the evolution of a hairy root network are
described in detail referring to the respective parts of
Fig. 3.

The branchlBuildEvent is triggered if the max-
Length is reached and sufficient nutrients and oxygen are
available to the local rootElement which generates a
new branchl (main strand). A branch2 (offshoot) is
created when the conditions of the branch2Interca-
laryEvent are met. This is controlled by the segment
fragmentation expressed by a symmetric linear probability
(see Fig. 3a), where i represents the inverse Inter-
calaryTransientLength along the segment.

The harvestAndSet method, as the first of three
steps in the time-step method, controls the nutrient and
oxygen exchange between a rootElement and the
environment, right after the external values have been
applied and internal dependencies have been resolved as
follows: an increasing capacity by age is determined using
a linear expression (see Fig. 3b). Secondly, the transfer

process of nutrient and oxygen from the environment into
the rootElement is triggered. This function calculates
the optimum amount of nutrient available from the envi-
ronment which also depends on the size of the surface of
the rootElement and on the global temperature (see
Fig. 3c). The harvestaAndSet method is called recur-
sively throughout the tree, what is causing a privileged bias
to agents which can gain nutrients and oxygen first. This
bias depends linear on the time-step size and therefore can
be reduced to a minimum.

Once nutrients have been absorbed by the rootEle-
ments concentration gradients need to be equalized
between the agents. The function nutrientBalancer
consists of a biased low pass filter that shares and mixes a
fixed part of the local nutrient in neighboring rootEle-
ments depending on the size of the time-step. Figure 3d
illustrates this process by pooling the light blue share of
nutrient from the two rootElements and equally dis-
tributing them afterwards. The dark blue share remains in
the rootElement. This function has to be called again
on all branches until that the tree is traversed once.

Finally, the equalized resources in the rootElements
need to be turned into biomass. These processes are con-
trolled by the last and third step, the investResources
method and their application depends on the life stage the
actual agent is currently in. In case the current stage is
“extending” the possible addition in length is calculated
based on the available amount of nutrient and oxygen and
on the implemented growth speed (see Fig. 3e 1 — 2). If

temperature A, ..surface
P AA A
capacity
*n tOPT
segment (no branching points) t nutrient-flow
(A) (B) (©)

aoHa@ D |

Fig. 3 Composition of functional diagrams illustrating the used sub-
models: a offshoot formation probability b agent’s nutrient and
oxygen capacity increase dependent on age ¢ calculation of amount of

3 max length
.—Ej E—'ﬁj ( ) T )
(D)

(E)
nutrients to absorb from environment d low pass filtering to equalize

nutrient and oxygen concentrations between agents e growth in length
and formation of new branches
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the maximum length as the structural maximum step width
of this agent is reached a new branchl (main strand) is
generated and this one will step its life stage forward to
“parent”. After that the next agent will be handled (see
Fig. 3e3).

If the current agent is in the stage “parent” no further
growth in length will occur. Instead the available amount
of nutrient and oxygen will be used for secondary thick-
ening. Meanwhile rootElements in this life stage wait
for the randomly triggered branch2Intercalary-
Event that results in a new offshoot of the current agent.

The final life stage available to the agent is “branch”.
During the investRessources function in this life
stage only secondary thickening and the age-dependent
production of secondary metabolites (in this case the red
pigments Betalains) occur. For an agent in this final life
stage it is not possible to form new branches as they are
already there.

At each time-step of the simulation, the above-men-
tioned single-way state machine is used to determine what
actions should be taken for each rootElement. There-
fore, it was necessary to implement several methods for
measuring variables such as the total length or the volume
of the root organism as a whole to determine when state
transitions should occur. However, it was important to
ensure that the tree as a whole was traversed only once
when making decisions. In most cases, information on the
properties of the root organism as a whole (e.g., the total
root length, TRL) is required to make these decisions. To
minimize computing time, care was taken to ensure that
each manipulation step is performed exactly once per time-
step for each rootElement.

It is important to understand that there is no such thing
as a “central-control-instance” in this model because no
such system exists in real root organism. Instead, each
rootElement acts independently based on the data
available from its properties and through its linked agents.
In that manner the model is clearly agent-based and pro-
duces higher complexity through interacting simple lower
units. Finally, the higher complexity is converging to the
properties that can be seen in the real organism.

A 3D-visualization solution for displaying simulation
results

After the first runs of the simulation it became apparent that
the agent-based modeling approach as implemented in Java
1.7 was able to produce millions of elements in a matter of
seconds on a typical personal computer. A powerful visu-
alization strategy was, therefore, required to display the
simulated results. It was decided that this would be best
achieved using a real-time 3D-rendering engine, which was
created using the backend of the OpenGL programming
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language. Unfortunately, this means that the visualization
system is hardly portable. The modeling structure that was
used to describe the hairy root network and the clear
structure of elements meant that there were several possible
ways of optimizing the on-screen drawing process. In the
system that was adopted, every element is drawn as a ruled
surface that links the normal circles of each element to
their child agents and the tip elements using a frustum. The
lighting system is connected directly via the circle
parameter and the color calculations. Because most of the
trigonometric calculations are hard coded, the visualization
solution is very fast and can draw around 10° elements with
more than 6 x 10° surfaces at more than 30 frames per
second on a current high-end graphic adapter. The visual-
ization system makes it possible to zoom in on specific
regions of the root network in the Petri dish and to rotate
the entire network to facilitate visual inspection (see
Fig. 4).

In addition to displaying the simulated root network, the
3D engine makes it possible to visualize the nutrient matrix

Fig. 4 Zoomable and rotatable 3D visualization of a hairy root
network in a Petri dish. The colors of the network indicate the
distribution and concentration of the secondary metabolite (red stands
for high concentration, grey for low or no pigments present in the
agent)

W

Fig. 5 Zoomable and rotatable 3D visualization of a hairy root
network showing the underlying nutrient matrix, in which the carbon
source (yellow) is partially depleted (grey)
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Fig. 6 Zoomable and rotatable 3D visualization showing the distri-
bution of oxygen within the hairy root network; blue indicates a high
oxygen saturation while grey indicate low or no present oxygen in the
agent

(see Fig. 5) and oxygen concentration (see Fig. 6) within
the Petri dish at any given time-step. The distribution of
nutrients (e.g., the carbon source) within the nutrient matrix
is shown using a system of colored tiles: a deep yellow tile
over a given location indicates no depletion of the carbon
source, while a grey tile denotes an empty reservoir. The
distribution of oxygen across the root network is shown by
the color of the network itself; blue indicates an oxygen-
saturated element, while grey indicates one that is low on
oxygen.

Time-step specific and overall output of simulation
results for further computation

The three-dimensional display of the simulated results
facilitates their visual analysis. However, to enable quan-
titative comparisons between the simulated root networks,
all of the characteristics of the growing process are recor-
ded in several CSV documents. While the real experiments
were only monitored twice per day, the simulation saves
the characteristics of the root network after every time step
(once every 4.8 h).

The output data from an individual simulation are stored
in a folder that is named according to the date and time the
simulation was run, and are subdivided into three kinds of
data sheets. In keeping with the way experimental results
are recorded, single segment data (e.g., SSL) are saved in
one sheet per time-step. The time-step documents contain
all of the individual segment metrics (i.e., segment length,
width, volume, and pigment concentration) for each seg-
ment, and the mean values for each of these variables
across the network as a whole are summarized in the file
headers, together with the global data for the network—the
total number of segments (TNS), total root length (TRL),
total number of branching points (TBP), and mean distance
between adjacent branching points.

In addition to the time-step documents, all of the mean
segment data and global data are summarized in a special

sheet to facilitate investigations into the development of the
network’s average characteristics over time.

Finally, a special sheet is used to record the values of all
the parameters used in the simulation, including the com-
position of the medium, the growth conditions, the ran-
domization parameters, and details of vessel’s geometry.
These data are preserved to ensure that the simulation can
be reproduced at a later date if required.

Results and discussion

The implementation of the algorithms discussed in the
preceding sections made it possible to simulate the growth
of a Beta vulgaris hairy root networks and to compare the
simulated results to experimental data. During the course of
the computational work, experiments were conducted in
which Beta vulgaris hairy root cultures were grown under
conditions corresponding to those used in the simulations
(see the “Cultivation conditions”). The structural param-
eters of the root organisms produced in these experiments
were measured on six occasions and the resulting param-
eters (which are listed in Table 2) were used as inputs
when setting up the simulations.

To facilitate comparisons between the experimental and
simulated results, images of the experimental cultures
taken at different time points are shown alongside 3D
visualizations of the simulated results at equivalent points
in their simulated timelines (see Fig. 7). In addition, the
experimental and simulated results concerning the total
number of segments (TNS) and total root length (TRL, see
Fig. 8) were plotted together to illustrate the agreement
between the two datasets. In general, the simulated results
closely matched those observed experimentally, especially
with respect to the total number of segments (TNS) and
total root length (TRL). For all of these variables, the
simulated values deviated from the mean experimental
results by only 4-6 %. This suggests that the model
accurately reproduces the structure of the growing hairy
root cultures. It should be noted that one simulated time-
step corresponds to a period of 4.8 h in the experiments.

Especially, the nutrient uptake of hairy root plant tissue
systems has been investigated and modeled so far. While
Ptashnyk et al. [9] derived a very complex macroscopic
model description for the absorption of nutrients through a
single hairy root branch without experimental proof, the
presented simulation results (see Fig. 7) together with the
experimental data show that a more simple, capacity-con-
trolled absorption followed a discrete equalization is also
an effective approach. Leitner et al. [23] in their model link
the nutrient uptake to morphological and physiological
properties of the hairy roots. The model presented herein
follows this approach as it incorporates ages, several

@ Springer
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capacities and the life stage of a rootElement to
determine its nutrient uptake rates which proved to recreate
the natural behavior.

A continuous model for the global growth of hairy root
biomass under varied feeding conditions presented by
Bastian et al. [24] produces qualitatively comparable data
to the simulator presented herein. However, their experi-
ments were conducted in shaking flasks using Ophiorrhiza
mungos Linn. Hairy roots thus make a direct comparison
impossible.

@ Springer

The simulated results for the total root volume (TRV,
see Fig. 9) were somewhat lower than those determined in
the experiments. Unfortunately, the simulations cannot be
modified to more closely reproduce the experimental
results simply by manipulating the growthCorrec-
tionFactor which is used to model the secondary
thickening of older segments. There are several potential
reasons for the discrepancy in this case. First, while the
image recognition process delivers excellent results with
respect to metrics such as branching point distribution and
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Fig. 8 Comparison of experimental data (including standard devia-
tions) and simulated results for the total root length (TRL) and total
number of segments (TNS) of Beta vulgaris hairy roots on agar plates
as a function of time
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Fig. 9 Comparison of experimental data (including standard devia-
tions) and simulated results for the total root volume (TRV) of Beta
vulgaris hairy roots on agar plates as a function of time

single segment length, the measured segment widths may
be somewhat inaccurate. As discussed previously [21], the
volume of the experimental segments is calculated by
measuring their width and then treating the segment as a
circular bifrustum whose diameter at the thickest point is
equal to the measured width. The volumes of the frusta are
then integrated to estimate the volume of the segment. An
unavoidable consequence of this approach is that even
small errors in the measured segment width can generate
large errors in the calculated segment volume. In addition,
the volume of the segments may increase unusually rapidly
when tip formation and elongation are down-regulated.

This would generate discrepancies between the TRV and
the TRL, TNS and TBP values, which are consistent with
the results obtained in this work.

Conclusion and outlook

For the first time, the agent-based model presented in this
work makes it possible to comprehensively describe mac-
roscopic growth processes in hairy root cultures and to give
researchers an easily interpreted visual illustration of the
simulated results. Currently, the described implementation
of the model can be used to simulate the outcomes of
experiments using standard cultivation conditions and
medium compositions.

This version of the model and simulator can provide
valuable information on the growth of hairy root tissue
networks in Petri dishes, particularly with respect to their
morphological development and the transport of nutrients
and oxygen within the root organism. The simulated results
make it possible to monitor nutrient depletion and oxygen
uptake from the subordinated nutrition and oxygen matri-
ces while also providing localized data on the oxygen and
nutrient concentrations at a specific time-step during the
culture’s morphological development. As such, the model
and simulator can function as a virtual experimentator that
can provide valuable predictions for use in the planning of
practical experiments. Furthermore, the model can also be
used for in silico testing of new medium compositions,
since it is possible to vary the composition of the nutrient
matrix and the consumption factors.

Finally, it should be noted that the current iteration of the
model can be used to simulate a wide range of cultivation
vessels, from Petri dishes (as used in this work) to biore-
actors. In future, it would be desirable to determine the
extent to which inheritance errors affect the tree structure.
Overall, however, the results presented herein indicate that
the new model is a powerful tool for studying non-regular
biological structures such as hairy root networks, and offers
considerable scope for further development.
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