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Abstract: Quantification of root systam architecture is essential for detem ining nutrient uptake by plant roots

Grow ing in opaque ils, rootsare difficult to observe and interpret Thismakes smulation modeling an attractive

complementary goproach

In thispgper, root architecturemodelsw ere reviev ed and methods for constructing geo-

metricmodelsw ere introduced SIM ROOT, an mportant model for root architecture, w as described as related to

nutrient acquisition By enploying Extensible T ree data structure mpleanented on a SG| computer, thismodel pro-

vides vivid graphical visualization of root grow ing Furthemore, themodel can be developed to evaluate uptake of

diffusive nutrients by plants The gpplication of thesemodelsw as introduced M odificationsof themodel to smu-

late competition for nutrient uptakew ithin and betw een rootsw ere al discussed
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Root architecture, defined as the explicit a-
tial configuration of a root system, detem ines the
availability of plant to cepture and tranort il

w ater and nutrition resources® .

The mportance
of root architecture in plant productivity stams
from the fact thatmany il resources are unevenly
distributed, hence the gatial deployment of the
root systen detemn ines the ability of aplant to ex-
ploit those resources Root architecture is a funda-
mental agect of plant productivity, egecially in
many environments characterized by low w ater and
nutrient availability.

Because of the difficulty of observing and
quantifying the architecture of actual roots, and
the complexity and plasticity of roots as geometric
objects, making reaonable estimatesof the under-
ground structure of plants, without causing much
damage to the widespread root system, oould be
useful in root plant nutrition research!®. Thisper-
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gective approach is smulation modeling Smula-
tion modeling has heuristic value in helping model-
er to define relevant process and interaction, and in
suggesting issues and hypotheses for expermenta
tion'®.

Pioneering researchers in numerical smula
tions of root systans used anpirical grow th rates
and branching paraneters to smulate the grow th
of a single root axis and second order branches in
wo dimension'®”. Crop models such as CERES-
w heat'®, CERESmaize'”, and OYGRO, PNU T-
GRO, BEAN GRO™ considered root distribution
in lmited details

The first model to explicitly consider root ar-
chitecture in three dmension was ROOTMA P,
w hich smulated the grow th and structure for fi-
brous root systans'™. A nd another three-dimen-
sional model w as used to smulate maize root sys

tem architecture'*.

Root system w as a function of
both root age and position along the axis

Fitter et al ! described a smulation model of
root grow th that smulated the development of root
systan s varying in several mportant architectural
features, such as topology, branching angles, and

link length A dynamic root grow th model w as al-
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0 developed to explicitly smulate the atial root
system architecture!™.

By using SGI| computer and exploited Extensi-
ble Tree (ET) data structure, SIM ROOT, a geo-
metric smulation model of plant root systans, was
developed to describe the three dimensional root
architecture in details*. Research results show ed
that this model provided a strong universal plat-
form for the mplanentation of root architecture
studying

A ccording to the principle of root branching,
all root system models revien ed above are geom et-
ric smulating models™. A nother kind of root ar-
chitecturemodeling is based on fractal characteris-
tics of root systen'®. L indenmayer systems (L -
systans) are good algorithm s for biological devel-
opment because of their potential to depict an intri-
cate pattern by smple regularity'”.
that root branching pattern follow s cross sectional
area theory, a ‘pipe sten’ fractal root systen mod-
Based on
L eonardo daV inci’ s cross section area tree branch-
rule, another root architecturemodel A rtRootw as
developed to smulate and visualize three dimension
root systems'®. Hierarchical modeling technique
was alo exploited to smulate fractal branching
pattern of maize root grow th’®. A stochasticmod-

el considered grow ing roots and their microgore
[21]

A ssuming

el was used to smulate tree root!®.

. M arkov chainw asused to smulate
[22]

distribution
root branching

Simulation of root systan architecture is
heuristic rather than predictive!*®. In general, the
input parameters of root architecture model could
be obtained by measuring empirical data in the
field A number of investigationsprovided mpor-

tant architectural parameters in ils’®.

These
root grow th and architectural studies in situ did

make good approaches to developing root model

1 M ethods ot smulate root system archi-
tecture and diffusive nutr ient can petition

The essential problen inmodeling root system
architecture is to store all the information of shape
and grow th of the system. Themethodsof geom-
etric smulation model w ill be described briefly.

1 1 Represntation of root systen

In most smulation modelsof root system, the
three-dimensional architecture is smulated in dis
crete time steps The model tracks each segnent
by recording its topological positionw ithin the root
systan and its atial location with the model do-
main, aswell as its age, mass and surface area*”’
W hen a root systan is smulated, it is represented
as a set of segments, each segnent being the root
part generated during one time step. For =lid
modeling of root system the additional information
needed is root radius along the root axis
1 2 Primary root an ission

D ifferent plants have different root emission
patterns The root systan modelsvary w ith differ-
ent plants A maizeplant consistsof elanentary u-
nits The stem base isassumed to be cone-shaped
The roots are anitted from the base to the top of
the phytomeres A common bean plant has four
kinds of root type tap, basal, adventitious and
lateral root If the morphology of root system is
taken into account, fibre rootscan grow out off all
these four typesof root
1 3 Root growth

The length and direction of each grow ing axis
must be evaluated in order to generate a three-di-
mensional object The progran function that com-
putes axis elongation processes the follow ing in-
puts axisorder (root type), inter-node rank, lo-
cation of the axis apex, and root age'*?.

The root grow th direction can be computed
from several directional components If both root
physiological and il mechanical agpects are taken
into acoount for smulated root systam, the root
grow th can be dissected into three directional com-
ponents, which are represented by mathematical
vectors ™ (Fig 1).

previous root
segment

previous
direction

new
direction

random
deviation

soil strength tropismm

gradient

Fig 1 Componentsof the grow th direction vector

Gravitropisn, defined here as root grow th un-
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der a preferred vertical angle, was attributed to
various causes Genotype il teamperature and
light w ere show n to affect gravitropism.
1 4 Root branching

In temm sof geometry, two parametersare suf-
ficient to detemine the new direction of the
branching root: the axial and radial branching an-

gle, repectively'™

. But unlike the mean frequen-
cy of lateral roots which was commonly used to
characterize the root branching process in many

models !

, thismodel developed a root branch-
ing processw hich can bemore accurately estimated
by segmenting roots into length classes in w hich
branching density is computed by M arkov chain
A s a result the model can be used to account for
the distribution of inter-lateral root lengthson the
radical'*"’
1 5 Data structure-descr iption and algor ithm
The data structure is the conceptual object in
w hich data are stored and al® referred to as the
organization of such objects To achieve linear
grow th, the system is traversed at each time step
and each root axis is incranented in length The
length increnent generated at each time step is
stored as a separate segnent The algorithm used
to perfom the length increnent operation com-
putes the grow th incranent as a function of the
root grow th paranetersfor the current root
Volune and surface area are two mportant
parametersfor calculating correlatesof root system
efficiency. A single axis root may be approximated
by a seriesof truncated cones T hen the volume of
a root system is simply the summation of all vol-
unesof these truncated cones in the systam. W ith
L asthe segment length, R:the radius at the begin-
ning of the segnent, and R: that at the end, the
volume of the root system can be computed as

V = Z‘s(;‘s‘;‘nw (R}+ R+ RIR2)) (1

The surface area can be smilarly computed

S= Z‘S(;S(Rn RZ)J Ri- R2)*+L? (2

1 6 Visalization of root systen growth

In order to compare a systan model to a real
root system, graphic visualization can be used as
the most straightforward means The methods

used to visualize themodel must provide basic geo-

[l The data structure and

metrical information
the visualization code provide continuous view ing
of the axial (wireframe) structure of the root as
well as continuous slid representation of the root
as it grows For thew irefrane rendering mode the
tree is recursively traversed, draw ing all segments
of a root The routine then proceeds to call itself
for the child and right sibling in turn The concept
of the truncated cone is carried into the routines
w hich render the three dimensional lid mage of
the root systen. The routine for rendering a shad-
ed image is identical in layout to that for thew ire-
frane
ment is rendered as a truncated cone using a collec-
tion of shaded polygons in the form of a triangular
mesh'®!

Similar to SIM ROOT, Program A rtRoot can
visualize three-dmensional root systen structure

Instead of a single line, how ever, each seg-

asciated w ith another computer progran PLU -
TON ¥ that was developed for draving three-di-
mensional molecular structures
1 7 Relationship between data structure and root
gystam topology

In general, utilizing the ET data structure any
branching pattern which occurs in nature can be
simulated on the SIM ROOT platform presented
here Because of the anorphous nature of the ET
it often takes forms smilar to other well-known
data structures Note in particular the case of
purely dichotomous branching where the ET de-
generates to a form very smilar to that of a binary
tree The ET data structure had denonstrated the
ability to handle single axisor multiple axe roots as
well as a purely dichotomous branching pattern
1 8 M athematical formulation of diffusive nutr i-
entmovanent in il

W emay illustrate the principle of nutrient -
lutemovement by considering amovement of a so-
lute through =il (e g by diffusion) in the direc-
tion of x axis If therewere two imaginary planes
of unit cross-section normal to the axis, and dis
tance & apart The volume enclosed is & X 1=
&. W ithin thisvolume

z
& a} = (Fe- Fros)e [ %&Jt 3
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where Fx, Fx+ &= flux of ooluteatx, x + &; C=
anount of wlute per unit volume of il If move
ment of lute isby diffusion alone, D is the coeffi-
cient of diffusion

_ dc
then F=- D (4)

As & - 0, we have Fick’s lav in one dimen-

L. ﬁ[od‘ﬂ (5)

sion,

a - &l odx
Or expressed in cylindrical co-ordinates for a
root,

m—_
a_

w here r is the radial distance from the axis of

L2k (®)

the cylinder.

2 M anipulation of root architecturem odel-
ing and nutr ient uptake smulation

2 1 Manipulation of geametric modeling of root
architecture
211 Smulation of the gravitropisn of root sys
tan

In il, nutrients have heterogeneousdistribu-
tion, and show differences in mobility. Al il
mechanical strength and temperature are unevenly
distributed'™. The effects of il environment on
root systan architecture and plant genotype adapt-
ability to il condition can be smulated by the ge-
ometric model
ropisn (Fig 2a) the model was used to study ef-
fects of deficiency of il nutrientson root system
architecture Similarly, by changing directional
bias (Fig 2b), the root grow th model can be used
to smulate effectsof w ater gradient in il andme-
chanical il strength on root system architecture

By changing root system gravit-

2 1 2 Smulation of root system with different
grow th rates, internode lengths and the effect of
random variation on root system

Root systan architecture variesw ith different
genotypes and plant grow th conditions The varia-
tion of root grow th rates could be easily smulated
by the geometricmodel Internode length isone of
the root branching patterns, whose variation can
alo be smulated by the geometric model

W hen plant roots grow in a il w ith different

Fig 2 V isualization of root systen depicted
different effectsof root physiology and
il condition on root architecture

mechanical strength distribution or hard particles
like stone, the root elongation trajectories of root
grow th w ill change according to heterogeneous il
In root system architectural model, this
effect can be expressed as amechanical vector, or a

condition

random deviation This random variation of root
systen can also be simulated by geometric model
(Fig 2c).
2 1 3 Smulation of multiple root system

Plants aw ays grow in field as a group, and
compete for nutrientsw ith the neighboring plants
Smulation of nutrient uptake by root systams is
necessary to facilitate quantitative understanding of
these processes, to predict the consequences of
competition for nutrients, and to prioritize future
research on the mechanisns of nutrient competi-
tion By modifying SimRoot gragphics subroutine
with duplicating transfomation algorithm, the
multiple root systens can be visualized as two or
three root systems (Fig 3).
2 2 Manipulating root morphology

The SIMROOT platfom has the ability to
drastically change the geometric agpectsof a smu-
lated root system by changing the functional form
of the grow th model or simply the parameters of
that model For root morphology modeling, itwas
regarded as the basic herringbone branch struc-
ture The fiber rootsare smply straight branching
components that connect to root T his structure is
smilar to that of lateral roots growing on basal
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root But the fibre roots are much thinner than
roots T herefore themodel of root morphology can
be smulated as thick root axis surrounded by a lot
of very thin fibre roots

Fig 3 V isualization of multiple root system

2 3 Smulating nutrient uptake by single or cam-
peting root systeans

M ost of the nutrient uptakemodels rely on -
lute-trangport theory as shown in Equation 5or G
A major dichotomy in the evolution of thesemodels
is that some depend on an accurate numerical
method for detemining the concentration at the
root surface, while others depend on a less accu-
rate, but faster, analytical method

In applying an analytical ®lution, the zone of
nutrient depletion around a rootw as defined as the
radial distance coincident w ith a 5% decease in the
initial concentration Thismodificationw aspartic-
ularly mportant during the early stagesof uptake
N ye and T inker'® described thismodification as an
option Thismodel presented a mathematical and
conceptual basis for smulating uptake by compet-
ing roots These concepts utilized an analytical so-
lution to detem ine the position of the no-transfer
boundary betw een two competing roots Practical-
ly, we can smply calculate the nutrient competi-
tion by elminating the overlap depletion zone vol-
ume betw een two adjacent roots

In order to calculate nutrient uptake of root
systan, the infomation needed includes il deple-
tion zone volume and the nutrient concentration in
depletion zone D iffusive nutrients such as phos
phorus are generally mmobile T he availability of
these nutrients is typically highest in the top =il
Therefore the nutrient uptake by same volume of
depletion zone in top il is obviously higher than
that in subsil
system can be obtained by accumulating all nutri-

The total nutrient uptake of root

ent uptake digpersed in stratified il A recursive
algorithm based on traverse isused to perform cal-
culation for actual depletion zone volume in differ-
ent layers and multiply with the nutrient concen-
tration in corresponding layers

3 Application of root architecturemodels

U nlike those models used to generate botani-
cal tree image for exhibiting tree appearance'™,
the objectives of root architecture modeling are to
simulate the relationship betw een root architecture
and plant physiology, il property, and acquisi-
tion of nutrients andw ater. Practically all root ar-
chitecture modelsw ere developed as platform s for
analyzing the plant nutrition processes For exam-
ple, the root architecture smulation model was
employed to evaluate paraneters describing the
root systen architecture of field grown maize
plant!®
simulated and observed horizontal and vertical root
map for maize The model was also exploited to
study the interaction betw een rubber seedling root
development and assim ilate availability™".

Themodel developed by Clausnitzer and Hop-

Then the model was used to compare

manns™, was initially used to asciate plant root
grow th with =il water potential L ate on, this
model w as expanded to simulate lute trans

port and nutrient uptake and interactions betw een
plant grow th and nutrient concentration'®.

The root architecture smulation model de-
scribed by Fitter et al '* alo demonstrated the po-
tential utility of geometric models in analyzing the
functional mplications of root architecture The
simulation result of thismodel show ed that chang-
ing root architecturewould lead to varying root ex-
ploitation efficiency!®.

Similar to Fitter's model,
model of root architecture based on digitized actual
root systems excavated the il and used grow th

rules to smulate the native architecture prior to
[33]

a reconstruction

excavation Thismodel w as particularly useful
in evaluating root systen topology, which would
not be changed by excavation

By using SIM ROOT, nutrient acquisition effi-
ciency of root systam was estimated based on car-

bon rather than root volune™®. Biomass deposi-
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tion and rates of root regiration and root exuda-
tion weremeasured along a root axis and the ga-
tial distribution of these carbon costswas used as
input functions for themodel SIM ROOT w as ap-

plied to fractal analysisof bean roots ™.

The result
demonstrated that the true three-dimensional frac-
tal dimension (D3) was significantly correlated
w ith planar (D2) and linear (D1) fractal dimen-
sion

W e also modifiedSIM ROOT to investigate the
effect of root gravitropisn on inter-root competi-
tion and nutrient uptake for P. The result show s
that altered gravitropic sensitivity in P-stressed
roots, resulting in a shallower root systam,
positive adaptive reponse to low P availability by
reducing inter-root competition within the same
plant and by concentrating root activity in il do-

is a

mains with the greatest P availability'™. W hen
plants grow in group, competition for il nutrient
not only occursw ithin but alo between root sys
tens The result of smulation show s that distance
betw een roots, root shallow ness and il diffusion
coefficient have significant effects on multiroot
competition, and consequently affect nutrient up-
take!*!

In a recent study, the effectsof root architec-
ture on P acquisition efficiency of plant by comput-
er smulation together with biological experments
w ere quantitatively assessed, in order to detemine
an ideal root architecture for efficient P acquisition
under w ater and P coupled stresses’®’.

To sum up, root architecturemodeling proved
to be an effective method to study plant nutrition
problem related to root system architecture
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