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ABSTRACT

Plants must develop efficient root architectures to secure
access to nutrients and water in soil. This is achieved dur-
ing plant development through a series of expansion and
branching processes, mostly in the proximity of root apical
meristems, where the plant senses the environment and
explores immediate regions of the soil. We have developed
a new approach to study the dynamics of root meristem
distribution in soil, using the relationship between the
increase in root length density and the root meristem
density. Initiated at the seed, the location of root meristems
in barley seedlings was shown to propagate, wave-like,
through the soil, leaving behind a permanent network of
roots for the plant to acquire water and nutrients. Data
from observations on barley roots were used to construct
mathematical models to describe the density of root mer-
istems in space. These models suggested that the morphol-
ogy of the waves of meristems was a function of specific root
developmental processes. The waves of meristems observed
in root systems of barley seedlings exploring the soil might
represent a more general and fundamental aspect of plant
rooting strategies for securing soil resources.

Key-words: architecture; development; dynamics; meristem;
model; root soil interaction; wave.

INTRODUCTION

Land plants grow in soil where water and mineral nutrients
are heterogeneously distributed. Plant survival, growth and
fecundity are largely conditioned by the ability to acquire
these resources effectively (Aerts, Boot & van der Aart
1991). The architecture of a plant’s root system affects its
ability to access these resources, and there is considerable
evidence linking root architectural properties with the effi-
cient acquisition of water and nutrients (Hodge et al. 1999;
White et al. 2005; Walk, Jaramillo & Lynch 2006; Lynch
2007). However, the fundamental mechanisms controlling
the development of root architectures and acclimation to
the prevailing environmental conditions is complex and
poorly understood.

Root architecture results from the activity of apical mer-
istems and is produced by a sequence of expansion and
lateral initiation events at the proximity of root apices.
Newly created roots are placed rigidly in the soil and the
final form of the root system is a direct consequence of the

patterns of root expansion and lateral root initiation in the
proximity of root tips. Because mature roots are immobile,
it is essential that meristematic activity is controlled and
coordinated in conjunction with local soil properties. For
example, the efficient acquisition of water and essential
mineral nutrients requires an ability to detect resource-rich
patches and concentrate growth within these patches
(Zhang & Forde 1998; Wilkinson & Davies 2002; White
et al. 2005; Hodge 2009).

How a plant controls the behaviour of its meristems is
therefore crucial for understanding the plasticity of root
architecture. The detailed mechanisms by which water and
the availability of mineral nutrients are sensed by plants
remain poorly understood. However, there is increasing
evidence that the sensing mechanisms are located at root
apices (Amtmann et al. 2006).The sensing of external nitrate
concentration has, for example, been found to be regulated
by the ANR1 gene, which is expressed in the root tip (Zhang
& Forde 1998, Remans et al. 2006, Forde & Walch-Liu 2009).
Similarly, a series of experiments by (Svistoonoff et al. 2007)
has demonstrated that physical contact of the Arabidopsis
root tip with phosphate is necessary and sufficient to arrest
the growth of primary roots, and that Low Phosphate Root
(LPR) genes are involved in this response.

Unfortunately much less is known about how root system
architectures are generated through the distribution and
activity of root meristems. This article reveals how root
meristems are distributed and explore the soil, and how this
can be constrained by specific developmental processes.
Firstly, we developed a new approach to identify regions of
meristematic activity in the soil based on the mathematical
relationship between an increase in root length density
and the root meristem density. Data from a minirhizotron
experiment monitoring root system development of barley
seedlings were then used to construct mathematical models
describing the density of root meristems in space. We show
that peaks of meristem abundance propagate in space like
waves, and that developmental processes can influence the
morphologies of these waves.

MATERIAL AND METHODS

Experimental setup

Barley (Hordeum vulgare L.) cv. Optic was grown in soil in
concrete bins in a vented glasshouse. The bins were
1.75 m ¥ 1.25 m ¥ 0.66 m, with drainage at the base. The
depth of the soil in the concrete bins was comparable to
the growing depth of roots in fields at the Scottish Crop
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Research Institute. The bins were filled with soil in layers.
Clear plastic minirhizotron access tubes were placed hori-
zontally across the width of each concrete bin (on the soil
surface as each layer was packed). The tubes were 1.25 m
long and had a diameter of 50 mm. Two bins were used for
the experiment. We used three minirhizotron tubes in each
bin and obtained measurements at six different depths
(Fig. 1a) on a daily basis over 9 d.

The soil was, from the top, 100 mm of Bullionfield at the
Scottish Crop Research Institute, Scotland, UK (56°27′N
3°40′W). The soil is Carpow Series, a Stagnic Cambisol
derived from undifferentiated sandstone, with composition:
sand 710 g kg-1, silt 190 g kg-1 and clay 100 g kg-1; pH (H2O)
6.2, 1.9% C and 0.07% N. Prior to sowing, the soil in the bins
was repeatedly irrigated until drainage water occurred.This
irrigation not only aided the packing of the soil but also
ensured that the soil was at field water capacity for sowing.
The bulk density of the soil was 1.18 g cm-3(+/-0.0008). As
some settling occurred with the irrigation, extra soil was
added as needed to maintain its depth.

Barley was sown in four rows at approximately 180
seeds m-2. The seeding rate was half that typically used by
farmers in the UK to avoid overlapping of roots from dis-
tinct rows. Seeds were sown by making a groove approxi-
mately 10 mm deep in the soil surface and sprinkling the
seed evenly into this groove. The groove was then covered
with the displaced soil.An open dish of water was placed on
a bench adjoining the concrete bins. The evaporation from
this dish was measured three times per week. Irrigation was
applied to the plants in order to replace evaporation from
this open water surface (2 mm m-2 d-1). Seedlings were
grown with ambient light (17 h 30 min day length) at a
minimum temperature of 7.5 °C and maximum tempera-
ture of 19.5 °C.

A Quickcam Express® camera, Logitech (Fermont, CA,
USA) was used to collect images from the minirhizotron.

The camera was inserted horizontally into each of the tubes
every day and images were captured every 1 cm along the
tube to capture root intercepts (i.e. roots in contact with the
tube). Images were 1.2 cm ¥ 0.8 cm in size. This provides
suitable resolution to identify living roots accurately
(Fig. 1b).The experiment was started 8 d after sowing when
a few root intercepts were observed from the shallowest
tube, and was stopped 9 d later, when a few root intercepts
were recorded from the deepest tubes. In this study, and
throughout the modelling, we ignored root mortality,
although the following theory could be extended to address
this issue through appropriate terms in Eqns 1–3. This sim-
plification is justified as we are considering young plants,
and because no root decay was observed in any images.

The lengths of root segments intercepting each
minirhizotron tube were measured semi-automatically
from digital images. Software was developed to process the
large number of images more rapidly. All root segments
were traced manually on a digital image. The software
then generated files containing coordinates defining the
spatial location of each root (http://www.archiroot.org.uk/
doku.php/navigation/architools). The depth and distance
from the planted row were defined by the depth of the tube
and the position of the camera within the tube, respectively.
Smoothed root length density distributions were calculated
from the spatial location and lengths of root segments using
a Hanning filter function from the python SciPy library
(http://www.scipy.org/) with a window of 7 cm.

Definition of the root system

Root architectures are complex networks of interconnected
branches, described by their geometrical (e.g. root size,
position and direction of growth) and topological (e.g.
developmental relationships between roots) properties.
The geometrical and topological properties of plant

Figure 1. (a) Experimental system.
Transparent minirhizotron tubes were
placed at 6 different depths in two distinct
concrete bins. Barley cv. Optic was grown
in four rows at a distance of 32 cm from
each other. Rows were sown perpendicular
to the axes of the tubes to allow
measurements of root intercepts from four
different rows at each depth. (b) Camera
images taken from a minirhizotron tube
showing the root intercepts at the same
position at 3 d intervals.
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architectures can be defined mathematically as discrete
structures made of connected segments and vertices
(Godin, Costes & Sinoquet 1999). These representations
currently form the basis for many plant architectural
models (de Reffye & Houllier 1997). Previous studies by
the authors (Dupuy et al. 2005b) have also established that
equivalent information can be represented in the form of
spatial root distributions, where both topological and geo-
metrical properties are represented as density functions.

We chose to represent root structures as density func-
tions because these allow a formal description of the rela-
tionships between the dynamics of meristem distribution
and root architectures (Bastian et al. 2008). Here, a plant’s
root system is defined by three density distributions: the
root length density (denoted rn) defines the geometrical
properties of root architecture, the plant topology is
defined through the root branching density (denoted rb)
and the root apical meristem density (denoted ra) indi-
cates regions of primary growth. Because densities can be
general multivariate functions, they can produce precise
descriptions of root architecture. By including the direc-
tion of root growth in the definitions of density, it is pos-
sible to produce a more exact description of root
morphology (Grabarnik, Pagès & Bengough 1998; Dupuy
et al. 2005b).

Densities may vary according to depth, incline angle
of individual roots and time (respectively z, a, t). The
root meristem density ra(z, a, t) is such that

ρ α α
α π

a

z z z

z t d dz, ,( )⋅
< << <
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01 2

represents the number of root

apical meristems at time t, between depths z1 and z2, and
whose growth direction is contained between 0 and p. In the
following paragraphs, we will consider only two physical
dimensions, x (horizontal distance to the row) and z
(depth), and the incline angle of roots (a) (Fig. 2). There-
fore, the units in two-dimension (2D) of ra and rb are cm-2

and the unit of rn is cm-1.
Root length and branching density distributions evolve

through time as a function of root expansion rate e (cm d-1),
branching rate b (cm-2 d-1) and tropic rate g (° d-1).
Although each density distribution describes independent
aspects of root architecture, they all result from the func-
tioning of meristems, which can be expressed mathemati-
cally as:

∂
∂

= ( )− −ρb Volumetric root branching rate cm d
t

b 2 1 (1)

∂
∂

= ( )− −ρ ρn
a

1 1Volumetric root production rate cm d
t

e (2)

Figure 2. (a) Root system architecture is
described by three density distributions: the
root apical meristem density distribution
(denoted ra), the root length density
distribution (denoted rn), and the root
branching density distribution (denoted rb).
(b) The dynamics of the root system is
determined by meristematic activity. During a
time increment dt, each root will increase its
length l proportionally to the expansion rate e:
dl = e*dt. In a unit volume, the total length of
root created per unit time is therefore e*ra.
Similarly, the number of branching points along
the root created per unit time in a unit volume
is b. (c) A finite volume method was used to
solve Eqn 4. This method used a grid to divide
the root zone into control volumes or elements.
Each element was associated with a node
defined by its position in the grid (xi, zj, ak) and
the value of the root meristem density at this
point. Fluxes of roots entering and leaving each
element were determined and these were used
to calculate the evolution of the root meristem
density distribution incrementally.
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These mathematical equations imply that the increase in
branching density and root length density is a function of
root meristem density (Fig. 2a). The quantities era and b,
denote the length of root and number of branches being
produced per day per unit volume, respectively.These quan-
tities are determined by rates of apical meristem produc-
tion, cell production and cell expansion at root apices, which
we will term ‘meristematic activity’. Meristem activity is
linked to the time derivative of the root length density
(Eqn 2) and can be determined directly from time
sequences of the root length density distributions. Equa-
tions 1 and 2 also imply that both total root length density
and branching density distributions are determined by the
timecourse of meristem activity. Therefore, the architecture
of root systems can be viewed as the footprint of meristem
activity (Fig. 2a).

Modelling the dynamics of root growth

To explain the experimentally observed dynamic patterns
of root meristem activity, we have built a mechanistic model
that describes how the density distribution of root apices
evolves as a function of the root expansion rate, gravitro-
pism and branching rate (see Supporting Information).
The general equation underlying this model is:

∂
∂

+ ∇ ⋅ ( ) + ∇ ⋅ ( ) =
ρ ρ ρa

a a*
t

g eu b (3)

The change in the number of apices (or meristems) at a
given location r = (x,z) and with a given growth direction
u = (cosa, sina) results from the number of roots entering
the location from upstream regions (r-eudt,u), the number
of roots leaving the location at expansion rate e (cm d-1),
the number of roots changing their orientation through
gravitropism g (d-1) and the creation of new meristems
through branching rate b (d-1). It is logical then that the
gradient operators appearing in the general equation are ∇
(gradient operators for the spatial coordinates) and ∇*
(gradient operators for the angle coordinates).

This model must be adapted for roots of different branch-
ing order by combining the meristem densities of each
branching order i, ria. Each density function obeys the same
conservation law (Eqn 3) but has different growth param-
eters (g, e, b). In particular, the initiation of new meristems
of branching order i is proportional to the meristem density
of branching order i-1, as the development of a root system
with two different branching orders can be written as:
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The two parts of Eqn 4 are coupled through the source term
b2, which is a function of r1a. The terms e, g and b in Eqns 3
and 4 are not constants in general but functions that encode
both developmental behaviour and root/soil interactions.
We used the following growth functions to model meristem
density:

e e s cte1 2= = (5)

g g s g1 2
2

11 2= = −( )π α

b1 0=

b b r u b t r u b t b2 21 1 22 1 22 23 22= +( ) + −( )( ) +ρ ρ ρa a n, , , ,

s is the scaling factor between the growth of the roots of
branching order 1 and 2, e1 and e2 are constant (in space and
time) root expansion rates, g1 and g2 are the rates at which
root apices orientate verticality, b21 is the branching rate, b22

is the branching angle and b23 is the adventitious branching
rate (lateral root initiation on mature tissues).

Analysis of the dynamics of meristem activity

The apical meristem of a root is confined to a small region
at the root apex. Although apical meristems can be
observed in images taken from minirhizotrons, they are
present at the surface of the minirhizotron for a short
period only. Therefore, the estimation of their density dis-
tribution from direct observations is less accurate than the
estimation of their density distribution from the footprint of
their activity, the root length density.

Density distributions of root apical meristems can be
estimated from root length density distributions using
Eqn 2, which states that temporal changes in root length
density are mechanistically related to root meristem activ-
ity. The analysis was carried out using data from each
minirhizotron tube to characterize meristem activity at a
given depth. Two indicators of the bulk spatial distribution
of meristem activity in soil Ia and Ig were used to character-
ize the development of the root system,

I z t x z t dx
x

a n, , , ,( ) = ( )∫∫ �ρ α
α

(6)

the intensity of root meristem activity (cm d-1) and

I z t I
x x

x
g a

g c

c

,( ) = ×
−( )

(7)

the position of meristem activity (cm2 d-1).
Ia is therefore the area between two consecutive root

length density curves and is a measure of the intensity of
root meristem activity at a given time. Ig is a measure of the
offset of meristems along the x axis. xg (t) is the centre of
mass of �ρn and xc(t) is the geometric centre. Because the
regions of meristem activity evolve with time, we chose to
measure the offset as the position of the centre of mass
relative to the geometric centre xc. This position is then
multiplied by Ia to normalize the offset. By analogy to a
mechanical system, Ia represents the total weight of
meristems distributed along the horizontal axis, while Ig

represents the bending moment due to the position of
the application of this weight. Plots representing the
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trajectories of experimental data and model predictions in
the (Ia,Ig) space were used to analyse meristem activity.

Analytical model of the dynamics of root
meristem density

In order to make predictions of the dynamics of root mer-
istem density, it is useful to have a simple analytical model.
This was achieved by solving Eqn 4 using the method of
characteristics (Meister & Struckmeier 2002).This is a tech-
nique for solving a partial differential equation by decom-
posing it into two ordinary differential equations that can
be solved. A one-dimensional (1D) solution to Eqn 4 was
obtained (Supporting Information) and can be written as:

ρ α α αa v
gtz t c bt N z et e g e, , ,,( ) = +( ) − − −( )( )−1 4 10

2 2 (8)

where N0,v is the normal distribution of mean 0 and variance
v. This 1D analytical model predicts that maxima of mer-
istem density are formed and that such maxima travel
under steady-state conditions, at the same speed as the
individual root expansion rate e. In the following section,
we will refer to this phenomenon as a ‘meristematic wave’,
which defines the propagation of the maxima of root mer-
istem density in space and time (French 1971).

The analytical model was fitted to the experimental data
using a downhill simplex algorithm (Avriel 2003), a nonlin-
ear optimization algorithm implemented in the python SciPy
library (http://www.scipy.org/). The result of the optimiza-
tion provided individual root developmental parameters (g,
e, b) to compare the model predictions against the root
meristem density distributions observed experimentally.

Numerical simulation of root
density distributions

The finite volume method (Leveque 2002; Heinen, Mollier
& De Willigen 2003) was used to obtain approximate
(numerical) solutions to Eqn 4. This method uses a grid to
divide the root zone into control volumes, termed elements.
Each element is associated with a node defined by its posi-
tion in the grid. Nodes are a finite set of coordinates (xi, zj,
ak) at the centre of the elements of the grid (Fig. 2b). The
numerical simulation then uses the root meristem density at
each node to compute the fluxes of root meristems entering
and leaving each element using Eqn 4. This enables the
evolution of root density distributions in soil to be devel-
oped incrementally from a given set of initial conditions. To
compute the fluxes of root meristems between elements,
each coordinate was treated separately and an upwind
scheme method was implemented (Leveque 2002). This
method used the instantaneous root meristem density of
adjacent elements and the local direction of root growth to
calculate the fluxes into an element. For simulations, the
total soil volume was assumed to be 30 cm by 40 cm by p.
This was divided into 30 ¥ 40 ¥ 40 = 48 000 elements to
accommodate the spatial coordinates (x, z) and the root
angle a in Eqn 4. All simulations were initiated in the top

left corner of the soil volume (x, z = 0, 0).The density of root
meristems in boundary elements outside the simulated soil
volume were defined as the mirror image of the boundary
elements inside the soil volume to preserve a vertical plane
of symmetry.

We have confirmed that the numerical simulations
described here produce the same root meristem distribu-
tions and root length distributions as the simple architec-
tural model of Dupuy, Fourcaud & Stokes (2005a), which
simulates root development using equivalent parameters
(g, e, b) to Eqn 4. A sensitivity analysis of the numerical
model described by Eqn 4 was performed by varying the
developmental parameters for barley roots (Table 1).
Fifteen simulations were run, with each of the parameters
taking successively average, low and high values (while
other parameters were kept at their mean values). These
simulations provided insight to how root length density
distributions and root meristem density distributions might
be altered by factors affecting root gravitropism (g), rate of
expansion (e) and rate of lateral branching (b).

The simulation program was written using the python
programming language and the code can be freely
downloaded at http://www.archiroot.org.uk/doku.php/
navigation/architools.

RESULTS

Minirhizotron data indicates that root
meristem distribution has both spatial and
temporal patterns

Root intercepts were recorded at each minirhizotron tube
for each of the 9 d of measurements, and root length density
distributions were determined. Root intercepts were first
observed at the tube closest to the soil surface and then at
successively deeper tubes (Fig. 3). Variations in root length
density were observed along all tubes (Fig. 3). Changes in
the root length density distribution with time followed
apparently similar patterns at each tube (Fig. 3): (1) the
root length density increased with time; (2) the first root
intercepts appeared close to the row of barley plants and,
subsequently, root intercepts were observed at greater
distances from the row; (3) maxima of root length density
were always observed where the first roots initially

Table 1. Parameters used in numerical simulations of root
length density and root meristem density distributions

Mean value Domain of variation

e1 (cm d-1) 2 –
g1 (d-1) 0.2 0.1–0.4
b21 (d-1) 5 2.5–7.5
b22 (d-1) p/6 p/12–p/3
b23 (d-1) 0.03 0.02–0.04
s (dimensionless) 1.5 1–2
Duration (d) 8 –
Time increment (d) 0.04 –

Dynamics of root meristem distribution 5
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appeared; and (4) local maxima of root length density
developed at distances further away from the row with time.
A similar decrease in root length density with distance from
the row has been reported for maize grown in the field
(Grabarnik et al. 1998).

The changes in meristem activity during the experiment
were summarized by plotting the two indicators, intensity of
meristem activity (Ia) and position of meristem activity (Ig).
During seedling growth, the curves of root meristem activ-
ity take the form of trajectories in the Ia,Ig space (Fig. 4).
The path followed by root meristem activity illustrates the
changes in root length density distributions observed at
each tube (Fig. 3). When there are no root intercepts at a
tube, the Ia,Ig coordinates are 0,0. Because root meristem

activity is distributed asymmetrically, and more root inter-
cepts are first observed closer to the row, the position of
meristem activity (Ig) is initially shifted to the left at all
tubes (Fig. 4). As the root system develops, the intensity of
root meristem activity (Ia) increases to a maximum. After
this maximum is reached, at a position roughly below the
row, the position of meristem activity is shifted to the right,
as more intercepts are observed further away from the row.
Eventually, meristem activity at a tube disappears, and the
trajectory of root meristem activity returns to the origin
(0,0). Similar trajectories of root meristem activity are
observed in all tubes. However, because root intercepts are
first observed in shallower tubes, and subsequently in
deeper tubes, the trajectories of root meristem activity at

Figure 3. Temporal patterns of root
length density distribution. Daily
measurements of root length density were
started 9 d after sowing (referred to as day
0). Root length density distribution
(cm cm-1) constructed for each
minirhizotron tube and for each day of the
measurement (day 0 to day 8). (a–e) The
reconstructed root length densities at,
respectively, 12, 17.5, 23.5, 29, 35 and
40.5 cm depths. Colours correspond to
measurement day.
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each tube are asynchronous. In our experiments, only the
trajectory after maximum root meristem activity was
observed at the shallowest tube, while only trajectories
prior to maximum root meristem activity were observed at
the two deepest tubes. These observations indicate that
the time required to reach maximum meristematic activity
increases with depth, which suggests that maximum mer-
istematic activity could propagate through the soil as a
travelling wave.

Models show that maximum root meristem
activity propagates like a wave

We have derived a general equation relating root growth
processes to the distribution of root meristem density in the
soil (Eqn 3). This equation is categorized as a hyperbolic
partial differential equation. Interestingly, such equations
occur frequently in physics, where they are linked to diverse
forms of wave phenomena in acoustics, mechanics or
electromagnetism (Leveque 2002; Meister & Struckmeier
2002).

The analytical model (Eqn 8) also predicted that maxima
of meristem activity were formed, and that these maxima
travelled, at steady state, at the speed of the average root
expansion rate e (see Materials and Methods section) The
analytical model was fitted to the experimental data and
showed good agreement (Fig. 5). The fitting also provided
information on developmental parameters for roots of
the barley seedlings studied in our experiments. The root
expansion rate, obtained using Eqn 8, was e = 2.2 cm d-1.
This value is similar to those reported in earlier studies
(ª1.5–2 cm d-1) for seminal roots of older plants (Drew
1975; Robinson 1996). The root branching rate, obtained
using Eqn 8, was b2 = 0.2 d-1. This value is one order of
magnitude lower than the branching rates reported previ-
ously in the literature (Hackett 1971; Rose 1983). This is
probably because the analytical model did not take into
account that secondary and tertiary roots have slower
expansion rates than primary roots (Rose 1983), which
influences the fitted root branching rate indirectly.The grav-
itropic rate, obtained using Eqn 8, was 0.1 d-1.At an angle of
40°, this is equivalent to a rotation of 5° per day, which is
consistent with the values obtained on peas (Bonser, Lynch

& Snapp 1996). The constant c in Eqn 8 equalled 0.003 cm-1

and the variance v equalled 14 cm.
Simulations using the 2D numerical model expressed in

Eqn 4 were compared with an explicit model of root archi-
tecture (Dupuy et al. 2005a). It was observed that their
predictions of both root length density distribution and root
meristem distribution were visually in good agreement
(Fig. 6). Furthermore, the trajectories of meristem activity
in the (Ia,Ig) space showed similar features (see Fig. 6c–f),
which supports the hypothesis that a wave of maximum
meristematic activity (a meristematic wave) propagates
through the soil.

Root developmental processes can influence
wave morphologies

Numerical models were used to investigate the influence of
root developmental processes on the dynamics of meristem
activity. All numerical simulations produced meristematic
waves, but distributions of root meristem density differed
greatly. Poorly gravitropic roots (Fig. 7a) explored a greater
volume of soil, but less intensively, than highly gravitropic
roots (Fig. 7b). Increasing branching rate increased root
length density proportionally (data not shown). A greater
branching angle increased the volume of high meristem
activity (data not shown). Exaggerating the difference
in root expansion and gravitropism between seminal and
secondary lateral roots (s) caused regions of meristem
activity to have a larger volume and to become more diffuse
(Fig. 7c). Finally, adventitious branching produced perma-
nent meristem activity within the root system (Fig. 7d).

DISCUSSION

The meristematic wave – a new concept for
understanding root structure/function
relationships

We have coined the term ‘meristematic wave’ to describe
the propagation of maxima in root meristem activity
through the soil (Fig. 8). The meristematic wave may be a
fundamental architectural trait of plant root systems. The
growth of an individual root occurs through cell division

Figure 5. The one-dimensional analytical
model shows that meristems form a peak
of activity and that this peak propagates
downward. (a) Comparison between model
predictions and measurements of root
meristem activity as a function of depth at
t = 0, 4 and 8 d after measurements began,
respectively, green brown and dark red
colour, (solid) experimental and (broken
line) model predictions (with e = 2.5,
g = 0.5, b = 0.1). (b) Predicted versus
measured root meristem activity
(R2 = 0.85). The solid line is the line y = x.Depth (cm)To
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within the apical meristem and cell expansion close to the
apical meristem. Newly created tissue eventually becomes
rigid as cells differentiate (Beemster & Baskin 1998;
Chavarria-Krauser & Schurr 2004). These developmental
processes constrain the direction of advancing root growth
and the permanent location of the root produced (Silk
2002). Single meristems are pushed by this indeterminate
self-organized process, and the advancing meristems of
several roots combine to constitute the simplest form of a
meristematic wave. Our results demonstrate that the barley
root system produces meristematic waves travelling
through the soil (Figs 3–5). Our models and simulations
suggest that meristematic waves can be produced by the
repetition of simple developmental rules in individual roots
(Fig. 7).

Plant roots must acquire resources distributed heteroge-
neously in the soil volume (Hodge 2004). Plant species

employ diverse root system architectures to explore space
and optimize resource acquisition (Fitter et al. 1991). Plants
with highly tropic roots or with a smaller branching angle,
explore space locally and can be more efficient in exploiting
localized patches of resources in the soil (Ge, Rubio &
Lynch 2000). By contrast, the root systems of plants whose
roots vary in their expansion rates, for example, through
changes in diameter or in branching order (Pages 1995), or
produce adventitious roots (Walk et al. 2006), proliferate
more diffusely through the soil. Such spatial and temporal
limitations to the generation of root system architectures
are manifested in the contrasting strategies of plant species
to intercept and exploit soil resources (Crick & Grime
1987).

The region of highest root meristem activity defines the
envelope of the soil volume being exploited intensively by
a root system. This volume is of fundamental importance

Figure 6. Numerical analysis of the model
involved simulations for the period of
0–15 d: The results from the simulation of
root meristem density and root length
density as described in Eqns 1 and 2
(contour plot in a and b, respectively) were
compared with meristem positions (circles
in a) and whole root system (lines in b)
from the architectural model using the
same parameters. The trajectories of the
position of the meristems in soil are
visualized using the indicators Ia and Ig

(Eqns 6 & 7). (c–f) Trajectory plots at 10,
15, 20 and 25 cm depth, respectively.
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to resource acquisition. The ability of a plant to sense the
availability of water, N and P resides close to the root
apical meristem, which allows the development of lateral
roots into resource-rich patches (Zhang & Forde 1998;
Wilkinson & Davies 2002; White et al. 2005; Hodge 2009).
The availability of mineral elements is often highest at the
root apex (Claassen & Barber 1974), and living root hairs,
which contribute greatly to mineral uptake (Gilroy &
Jones 2000), are present predominantly in this region. The
root apex is also the site of higher exudation of organic
compounds (Badri & Vivanco 2009), enzymes and muci-
lage (Morgan, Bending & White 2005), increased micro-
bial activity (Yang & Crowley 2000; Nichol & Silk 2001),
and the apoplastic uptake of calcium and zinc (White
2001; White et al. 2002).

A new approach to model the architecture of
root systems

Most architectural models predict root system develop-
ment by simulating the incremental growth of independent
tissues over time. In such models, the architecture of roots is
explicit, and this allows complex analyses to be undertaken.
For example, graph theory concepts can be used to analyse
uptake efficiency (Fitter & Stickland 1991), and physical
models can be developed to study local interactions
between roots and the soil (Clausnitzer & Hopmans 1994;
Doussan et al. 2006).

While explicit descriptions of root architectures are
convenient to dissect biophysical, physiological and
developmental processes, they have certain limitations.

Figure 7. Influence of gravitropism (a, b) expansion rate of laterals (c) and adventitious branching (d) on the patterns of root
distribution in soil. Contours are meristem density functions and root length density functions with parameters g11 = 0.1 d-1 (a) and
g11 = 0.4 d-1 (b), s = 2 (c) and b23 = 0.02 d-1 (d). The remaining model parameters were kept constant: b21 = 0.2 d-1, b22 = p/6, b23 = 0 d-1,
e1 = 2 cm d-1 and s = 1.
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Architectural models require accurate measurements of
single organ properties, which make them difficult objects
to parameterize (Jourdan, Rey & Guédon 1995). The com-
putational time required to generate the architecture of a
plant root system depends on its size, and therefore, appli-
cations have mainly been restrained to the single plant
level. Architectural models also generate complex struc-
tures and understanding their emergent properties can be
difficult. Finally, architectural models produce a single and
unique description of a root system for each simulation,
which makes them unwieldy for studying the general
properties of plant populations.

The root distribution models of Hackett and Rose
(Hackett & Rose 1972; Rose 1983), and subsequently, the
reaction diffusion models (Gerwitz & Page 1974; Acock &
Pachepsky 1996, Heinen et al. 2003), attempted to address
these issues. However, none of these models explicitly
incorporated root developmental processes. Describing
root architecture in terms of diffusion incorrectly assumes
that root expansion rate is proportional to gradients in
root length density, and neither the root distribution nor the
reaction diffusion models can describe how root length
density, branching density, expansion rate and branching
rate generate root system architectures.

We have formulated a mathematical framework to
describe the development of root system architectures, in
which the physiological properties, root apical meristem
density, root length density and branching density are
linked explicitly to developmental behaviours such as root
expansion, initiation of new primordia and tropic responses.
This framework can be used not only to construct new plant
growth models but to extract key developmental infor-
mation using classical experimental techniques such as
minirhizotrons. The distribution of root meristem activity
can be obtained from timecourse data of root length density
using Eqn 2.The use of an analytical model (Eqn 8) allowed

us to derive three important root developmental param-
eters (root expansion rate, root branching rate and root
tropic rate) from images of root intercepts captured from
minirhizotrons without the need for complete excavation of
root systems. However, the models presented here are still
at an early stage of their development. In the future, these
models must be expanded to include phenomena such as
differences in growth rates among root types, root mortal-
ity and local responses to environmental cues. Further
research, combining improved image analysis and param-
eter estimation techniques, will allow the dynamics of root
meristem activity and the development of root system
architectures to be studied non-destructively.

CONCLUSION

The activity of root apical meristems is key to the develop-
ment of root architectures in complex natural soil environ-
ments. Our work has demonstrated that live imaging using
minirhizotrons can be used to obtain information on root
meristem activity in soil. This can, in turn, be used to deter-
mine specific developmental properties of roots, including
their expansion rate, branching rate and tropic rate. Both
experimental observations and mathematical modelling
have demonstrated that the development of a root system
can be viewed as a propagating wave of meristematic activ-
ity and that root system architecture is the footprint of this
process (Fig. 8). The next challenge is to extend these
concepts to understand the consequences of phenotypic
differences in the interactions between roots and their
environment better.

NOMENCLATURE

r (cm) Spatial coordinate
z (cm) Depth
x (cm) Distance from the row
a (°) Incline angle defining direction of growth
Ia (cm d-1) Change in root length
Ig (cm2 d-1) Change in position of root meristems
ra (cm-2) Distribution of apical meristem density
era (cm-1 d-1) Volumetric root production rate or

‘meristematic activity’
rn (cm-1) Distribution of root length density
rb (cm-2) Distribution of branching density
b (cm-2 d-1) Volumetric root branching rate
bi1 (d-1) Apical branching rate
bi2 (d-1) Branching angle
bi3 (cm-2 d-1) Adventitious branching rate
e (cm d-1) Root expansion rate
g (d-1) Root tropic rate
1,2 Subscript indicating root branching order
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