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Morphogenesis in plants arises from the interplay of genetic and
physical interactions within a growing network of cells. The physical
aspects of cell proliferation and differentiation are genetically
regulated, but constrained by mechanical interactions between
the cells. Higher plant tissues consist of an elaborate three-dimen-
sional matrix of active cytoplasm and extracellular matrix, where it
is difficult to obtain direct measurements of geometry or cell
interactions. To properly understand the workings of plant morpho-
genesis, it is necessary to have biological systems that allow simple
and direct observation of these processes. We have adopted a
highly simplified plant system to investigate how cell proliferation
and expansion is coordinated during morphogenesis. Coleocheate
scutata is a microscopic fresh-water green alga with simple anatom-
ical features that allow for accurate quantification of morphoge-
netic processes. Image analysis techniques were used to extract
precise models for cell geometry and physical parameters for
growth. This allowed construction of a deformable finite element
model for growth of the whole organism, which incorporated cell
biophysical properties, viscous expansion of cell walls, and rules for
regulation of cell behavior. The study showed that a simple set of
autonomous, cell-based rules are sufficient to account for the mor-
phological and dynamic properties of Coleochaete growth. A vari-
ety of morphogenetic behavior emerged from the application of
these local rules. Cell shape sensing is sufficient to explain the pat-
terns of cell division during growth. This simplifying principle is
likely to have application in modeling and design for engineering
of higher plant tissues.
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lant cells proliferate within a semirigid cell wall matrix. Unlike

animal cells, which are free to migrate to their final position
within a developing tissue, plant cells are laid down, brick-like, in a
sequence of cell division events. For any given cell division, a new
wall is deposited and the orientation and position of the daughter
cells is locked in place. The final form of a tissue or organ is due to
the coordinated patterns of cell proliferation, expansion, and
differentiation. Though the components required for these basic
processes have become increasingly well characterized, still little is
known of their precise spatial and temporal control.

Plant anatomists working in the 1800s contributed to the
formulation of the Cell Theory and emphasized the importance
of the polarity of cell division during plant morphogenesis.
Hofmeister, Sachs, and Ererra (1-3) established a series of
empirical rules that broadly described the behavior of dividing
plant cells. Hofmeister observed that if a plant tissue grows in
different directions, cell divisions are generally perpendicular to
the direction of fastest growth, and Sachs stated that a new cell
wall meets side walls at a right angle. Further, Errera’s rule states
that new cell walls follow the shortest path that will divide the
parent cell, as if the nascent wall transiently possessed the sur-
face minimization properties of a fluid. It was clear to these
workers that many of the properties of dividing plant cells could
have a physical underpinning, and this view was exemplified in
D’Arcy Wentworth Thompson’s book On Growth and Form (4).

However, genetic, molecular, and biochemical models have
come to dominate thinking in this field over the past century. In
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particular, genetic studies have provided large amounts of infor-
mation about the components that drive plant cell processes, and
have contributed greatly to our understanding of what goes on
inside cells. However, our understanding of how cellular processes
are integrated across a growing tissue has not advanced at a
comparable rate. There is still considerable debate over the rela-
tive contribution of physical and genetic processes to the coordi-
nation of cell growth during morphogenesis (5). At one extreme, a
molecular geneticist would point to DNA-regulated control of cell
division, elongation and differentiation, and exchange of genetic
information between cells, and suggest that this would be sufficient
to regulate morphogenesis. At the other extreme, a biophysicist
might point to the work of Green and others (6), suggesting that
tissue buckling might provide a physical basis for organogenesis,
where Lintilhac and co-workers have shown that simple applica-
tion of stress to protoplasts induced cell divisions in directions
constrained by the applied force (7, 8). These conflicting view-
points represent extremes that have been formalized in cellular
and organismal theories of morphogenesis (9).

Coleochaete as a Model System. Unfortunately, experimental sys-
tems that are convenient for genetic studies are not so amenable
to biophysical studies, and vice versa. Genetic screens for defects
in cell division and expansion processes are made difficult by the
complicated life cycle of higher plants (mutant phenotypes are
likely to be lethal, obscured in the fully enclosed embryo, and
masked by similar biochemical defects). In addition, the 3D
architecture of higher plants makes them difficult subjects for
modeling of genetic and physical interactions. There is a pressing
need for a simpler experimental system that can be exper-
imentally facile and allow a more complete, numerical descrip-
tion of the physics and genetics of cell growth.

The Coleochaetales form a small group of microscopic but
complex algal species that are found in freshwater. C. orbicularis
and C. scutata grow as discoid multicellular thalli with a simple
meristem structure. The thalli adhere to a substrate, and undis-
turbed thalli can maintain a circular shape up to several milli-
meters in diameter as a result of precisely coordinated sequences
of anticlinal and periclinal divisions (10). The meristematic zone
is limited to a single layer of cells on the circumference of the
growing disk. Many features of the algae life cycles and habit
make them potentially attractive for modern scientific studies. In
particular, the systems offer (i) morphological simplicity with cell
divisions constrained to two dimensions and (i) ease of culture
with every cell observable during development.
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Computer Models of Plant Cell Growth. Plant morphogenesis is a
dynamic process where large numbers of cells proliferate and
differentiate in a precise sequence of events. Numerous molec-
ular and physical interactions between cells are required for the
control of cell behavior, and gaining a quantitative description is
difficult. In previous studies, image analysis tools have been used
to process microscopy images and quantify deformation in tis-
sues (11, 12). Software models based on reaction diffusion sys-
tems have been used to describe molecular transport phenomena
(13), gene regulatory networks have been employed to model the
regulation of gene expression (14), and feedback-regulated
models for polar auxin transport can predict canalisation of
vascular tissues (15). However, the mechanics of cell expansion is
central to the regulation of cell shape and division, and there has
been little focus on the physics of cellular growth within tissues.
The earliest models have implemented empirical expansion rules
(16) and, more recently, multicellular physical interactions have
been mimicked using repulsive spring forces between the centers
of neighboring cells (13), or where the growth of elastic cell walls
was represented by springs of varying natural lengths (17). More
accurate models of cell expansion and division are needed as
the base for improved modeling of morphogenesis. This re-
quires experimental systems that allow congruence between the
experimental observations and numerical model. Using the
Coleochaete system, it is possible to precisely visualize cell
geometry and dynamics during morphogenesis of the whole
organism, to derive physical parameters for growth, and to
combine these to build more accurate models for morpho-
genesis. We show that it is possible to formulate simple rules that
underpin dynamic models of morphogenesis. These rules form a
basis for modeling and engineering plant form.

Results

Simplified Morphology of Coleochaete Allows Quantification of
Whole-Organism Cellular Development. Cultured Coleochaete scu-
tata can be grown as an adherent monolayer of cells, attached to
the surface of a microscope coverslip. The growing thalli can be
directly observed at high resolution using differential interfer-
ence contrast optics or fluorescence microscopy techniques.
Plant architecture is characterized by the presence of cell walls
that encase individual cells and form a lamellar sheet between
neighbors. We have developed a number of specific staining
procedures for live and fixed Coleochaete specimens, adapted
from work with Arabidopsis (18). The simple morphology and
ease of culture of Coleochaete has allowed the development of
high-throughput techniques for characterizing cellular growth.
We could specifically label cell walls with propidium iodide or
calcofluor white, and obtain high-contrast images of cell wall
segments and intercellular junctions with ease using fluorescence
microscopy (Fig. 14). The high-contrast images are suitable for
analysis by image segmentation techniques.

A wide-field microscope with a motorized stage was used for
parallel capture of time-lapse sequences of growing thalli.
Images were analyzed using an algorithm based on watershed
segmentation. This allowed quantitative extraction of the
geometry of cell arrangements and network of cell walls. Then,
cellular architectures could be formally described as a hier-
archical arrangement of different types of subunits (e.g., vertices,
walls, cells, and tissues). These form hierarchical graph objects
for visualization and compact data structures for storage.

Image sequences were used to measure radial expansion rate
of circular thalli (6.5 107> um-s™"). Using a simple biomechanical
model (Eq. 1), we could derive an estimate of cell wall viscosity
as a function of the radial expansion rate. In addition, we
developed an image segmentation method (Fig. 14) for
extracting quantitative information about cell shape changes and
patterns of division within Coleochaete thalli. All cells are visible
during the course of an experiment, and we could track the
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Fig. 1. Quantitative analysis of cellular morphogenesis. (A) Image seg-
mentation can be used to obtain a quantitative description of cellular
architecture in live specimens. A microscope image of a Coleochaete scutata
thallus is shown overlaid with an automatically extracted map of cell wall
segments and intercellular junctions. (Scale bar: 50 pm.) (B) Time-lapse
imaging allows quantitation of growth. Radial expansion of individual thalli
is shown (dashed lines; the shaded area indicates the 95% confidence
interval). The curves can be fitted to provide parameter values for a bio-
mechanical growth model for C. scutata expansion (solid line). (C) The simple
morphology of Coleochaete allows analysis of individual cell trajectories and
geometric properties during growth. The cross-sectional areas of an indi-
vidual cell and its daughter cells were tracked over 80 h. Gray levels indicate
the generation (corresponding to the number of cell divisions during the
experiment), and dashed lines indicate cell divisions (ad, anticlinal division;
pd, periclinal division).

expansion and division trajectories of individual cells (394 cell
division events from 20 thalli) to obtain finely resolved kinematic
data (Fig. 1 B and C).

Simple Rules Can Describe Cell Proliferation. Plant cell expansion is
believed to result from turgor pressure acting as a driving force
on a yielding cell wall, where these factors are controlled by the
genetic state of individual cells. In a population, however, the
interplay of forces between cells will constrain as well as promote
cell expansion. This kind of physical feedback can play an
important role in regulating morphogenesis. Now, cell expan-
sion, mitosis, and well formation can be directly observed and
easily measured for every cell in a growing Coleochaete thallus,
and we have used these observations to formulate simple rules
that govern cell growth and division and form the basis for
dynamic models of morphogenesis.

(i) Cell expansion and mitosis are restricted to cells on the
margins of the algal thallus. Observation of growing Coleo-
chaete indicated that cells on the interior of thalli are rel-
atively constant in size and show little evidence of any cell
expansion. Observed patterns of cell division within Coleo-
chaete scutata are consistent with the location of mitosis
exclusively within marginal cells (Fig. 2 A-D). Observa-
tions and evidence from early studies further support this
hypothesis (19, 20). These experimental observations can
be encapsulated in a viscous model for cell walls (21, 22),
linking turgor pressure, wall viscosity, and cell size to tissue
expansion (SI Text):

R = PL,/(ep), (1

Dupuy et al.


http://www.pnas.org/cgi/data/0906322107/DCSupplemental/Supplemental_PDF#nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.0906322107

0.6(11)mean 4 H(11) rean

1,=21,
1=, \
=172

0 10 20 30 40 50 0 10 20 30 40 50
1, (um) 1, (um)

Fig. 2. Orientation of cell division during growth. (A-D) Time-course
imaging of a calcofluor white stained C. scutata thallus showing the patterns
of anticlinal and periclinal cell division planes. Images corresponding to 76 h,
88 h, 100 h, and 124 h of culture are shown. (Scale bar: 50 um.) Nascent cell
walls were highlighted by creating difference maps between consecutive
images taken 4 h apart [I = Iy + 2 X (Il 4 1 — IY)]. (E) Individual cell-division
events were identified, the radial (/,) and tangential (/) dimensions of each
cell were measured, and these were plotted. In addition, the observed plane
of cell division was used to classify the data (A, periclinal; (], anticlinal; 394
cells from 20 thalli). Bold lines correspond to constant cross-sectional areas of
0.6x and 1.4x the mean. Dashed lines indicate cell shapes with /,:/; ratios of
1:2, 1:1, and 2:1. The numbers 1 and 2 indicate the positions of periclinal cell
divisions, and 3 and 4 indicate the positions of anticlinal divisions, which are
illustrated in the legend. (F) Similar distributions of cell division and cell
shape were obtained from software models of Coleochaete growth, as
described in the text.

where R is the thallus expansion rate, P is the turgor pressure, e is
thickness of the cell wall, /], are radial tangential cell dimen-
sions, and p is the wall viscosity coefficient. Viscosity assumes
deformation is proportional to stress. Therefore, in this simple
system, cell walls are maintained in tension by turgor pressure
and deform at a rate proportional to tensile forces. The result is
a circular-shaped tissue expanding constantly with geometrical
and biophysical properties influencing expansion to a similar
extent. Thickness of plant cell walls generally lies in the range
of 0.1 pm to 0.3 pm, but can exceed 1 pm (23). A value of 0.25
pm was estimated from transmission electron micrographs of
Coleochaete cell walls (20). Measured turgor pressures can vary
from 0.2 MPa to over 1 MPa (21, 24, 25). We have assumed a
turgor pressure of 0.5 MPa. The viscosity coefficient derived
from these parameters was 1.2 10°> GPa:s.

(i) A minimum cell volume is required to trigger mitosis. Cells
within the interior of Coleochaete thalli have varied radial
and tangential dimensions, but their cross-sectional areas
remain relatively constant at around 400 pm? Measure-
ments of cells at division (Fig. 2E) showed that although
their shape varied widely, with tangential-to-radial ratios
of between half and twice the median, the cross-sectional
area of cells was conserved, lying in a close interval around
the median. This is consistent with the requirement for a
minimum cell volume during progression through the cell
cycle, as has been demonstrated in yeast (26).

(iit) The plane of cell division is correlated with cell shape. In the
1800s, Hofmeister, Errera, and Sachs (1-3) deduced empir-
ical rules that govern cell wall placement in plant systems
(27). These rules were deduced from observation of the
final arrangement of cells, after growth, in fixed tissues.
Hofmeister’s rule states that new walls form normal to the
axis of growth of a cell. We have investigated this relation-
ship in growing Coleochaete, using time-lapse imaging tech-
niques to capture dynamic cell behavior (Figs. 1C and 2 4-
D). We have been able to map the orientation of each

Dupuy et al.

cell division and measure the size and shape of each cell
at the point of nascent cell wall formation. The orientations
of new cell walls in Coleochaete are either radial (pericli-
nal) or tangential (anticlinal), and the choice is highly cor-
related with cell shape (Fig. 2E). Cells that are longer in the
radial dimension undergo anticlinal divisions, and cells
that are longer in the tangential dimension undergo
periclinal divisions.

The sizes of daughter cells were symmetric in periclinal divi-
sions and asymmetric in anticlinal divisions (with 0.61:0.49 radial
size ratio). A simple logistic model can encapsulate this switch
between anticlinal and periclinal divisions (Fig. 2F), using a
coefficient of asymmetry a and a stochastic parameter s:

P(anticlinal|l,,l;) = 1/(1 + exp(— (I, /l; —a)/s)) [2]

P(periclinal) = 1 — P(anticlinal) is the probability of periclinal
division. /. and /, are the dimensions of the cell in the radial and
tangential directions. The coefficient of asymmetry a (= 0.85)
corresponds to the /.:/; ratio at which cells switch from anticlinal
to periclinal cell division. It is less than 1 due to asymmetry of the
anticlinal cell divisions. Daughter cells at the outer edge of the
thallus are smaller than the inner sister cells, and anticlinal
division can occur at lower /, values. The parameter s (= 0.055)
describes the observed variability of this process and was
obtained by fitting the model to experimental data using a
downhill simplex algorithm (28) implemented in the python
SciPy library (http://www.scipy.org/).

A Cell-Shape Sensing Mechanism Is Sufficient to Coordinate Cell
Proliferation. In previous sections, we described simple bio-
mechanical and geometric rules that can be formulated to
describe the division and expansion patterns of individual cells
and cell walls in Coleochaete. We have tested whether these rules
could explain dynamic behavior at the whole-organism level
using finite element models to simulate tissue growth. Tissue
cross-sections were modeled as beam structures, where defor-
mation resulted from the interplay of intracellular turgor pres-
sure and viscous cell walls. The cell division model (Eq. 2) was
then used to check for individual cell size and determine the
placement of new cell walls in the tissue. We have run various
growth scenarios where constraints were imposed on the devel-
opment of the thallus. In each case, simulations showed that a
simple shape-sensing mechanism for cell division, embedded into
a deformable extracellular matrix, is sufficient to explain a vari-
ety of morphogenetic behaviors.

(¢) Orientation of the division plane. Different values for the
asymmetry coefficient a (Eq. 2; a = 0.8, 1, 1.2, with five
simulations for each value of a) and cell dimensions were
compared with experimental data. The differences with
real cell size were lower with @ = 1 (the sum of square
error between experimental distribution and simulated dis-
tributions were 4.1077, 6.1077, and 1.107® with a being
respectively 1, 1.2, and 0.8) and are consistent with Errera
and Sach’s rules. Simulated and measured cell areas and
radial-to-tangential length ratios were statistically similar,
respectively, P = 0.47 and P = 0.63, two-tailed ¢ test; n =
799). Q-Q plots (Fig. S3 and SI Text) confirmed this result
and indicated that most discrepancies occurred at the tails
of the distributions.

(if) Bending stiffness. Different values for the moment of inertia
of cell walls were used (1.10* pm*, 2.10° ym?, 1.10° pm*,
5.107 pm4) because bending properties can strongly influ-
ence the behavior of thin-walled structures (Fig. 3 A-C).
Simulations involving gradual decrease of the moment of
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inertia showed that cell wall bending properties are associ-
ated with the regularity of the shape of the tissue. Larger
resistance to bending (1.10* ym®*) generated symmetrical
and circular patterns, as local variations in radial expansion
were balanced by bending forces. When the moment of iner-
tia was the lowest (5.10° pm®*), branch-like structures
emerged. Similar variations in tissue shapes are observed
in different Coleochaete species.

(iii) Cell ablation. A second type of outgrowth was generated
by instances of cell death. Cells in the margin of a thallus
could be released from tangential forces by the removal of
neighboring cells, which produced a drop in turgor pres-
sure against the side walls. As a consequence, cell expan-
sion became locally isotropic and a secondary outgrowth
was formed in computer simulations (Fig. 3 D and E).
Later in the simulation, cells at the sides started to limit
lateral expansion through the force of contact. Similar
phenomena are seen in vivo.

(iv) Contact between algae. Contact between two growing
thalli was simulated to illustrate mechanical interactions
at the organism level. We obtained realistic patterns
showing that a larger thallus tends to wrap a smaller
specimen as found in vivo (Fig. 3 G-I).

Discussion
Plant Morphogenesis. Morphogenesis is a cellular process, where
cell wall properties, membrane permeability, hydrostatic pres-

A C
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sure, cell expansion, and proliferation rates are genetically
regulated, but are physically coupled across the system. To
properly understand the workings of such complex morphoge-
netic systems, it is necessary to construct dynamic models that
contain an explicit description of these interactions. Though
substantial progress has been made in the experimental
description of the genetic processes that underlie plant mor-
phogenesis (14, 29), these are often poorly integrated with
physical aspects of cellular growth. Current models have focused
on patterning processes in plants (13, 15), but have difficulty
describing the establishment of biological shapes, because most
models fail to consider the physical basis of growth adequately.
Plant tissues are biphasic systems where a fluid, maintained
under compression, interacts with a closed network of deform-
able cell walls and impermeable membranes, maintained in
tension. We have set out to establish an experimental system that
allows improved quantitative modeling of morphogenesis and
biological experimentation.

A Simple Experimental System for Quantitative Analysis of Plant
Morphogenesis. We have investigated the use of Coleochaete as a
simple system for studying cellular morphogenesis. The simple,
reduced morphology of the algae, ease of culture, and ability to
undergo vegetative propagation make them an ideal subject for
digital imaging and quantitative analysis of morphogenesis.
Unique image segmentation methods were developed to enable
the extraction of quantitative information from microscopy
images and facilitate representation of plant tissues for computer
modeling. It was possible to build improved models that contain

Fig. 3. The application of simple rules in a biophysical
model generated life-like patterns of tissue growth. In a
series of numerical simulations using the same set of cell-
autonomous rules for cell division, we found that
mechanical constraints were sufficient to explain a range
of morphogenetic behaviors. (A-C) Cell wall bending
properties induce gross morphological changes during
simulations of Coleochaete growth. Three simulations with
different cell wall bending properties are shown, with
moment of inertia values of A: 2.10° um?, B: 1.10% pm*, and
C: 5.10° pm®. When the moment of inertia was high,
deformation of individual cell walls was limited. Cells on
the margin of the thallus were constrained by neighboring
cells, and radial expansion of the tissue was uniform. When
the moment of inertia was decreased, individual cells were
able to expand at different rates, and irregularities
appeared. (D-F) Cell ablation triggers outgrowth. In a
software model of Coleochaete growth, two cells on the
margin of a thallus were isolated by removal of neigh-
boring cells (D and E). The release of lateral forces resulted
in outgrowth. (F) Similar outgrowth of cells was seen in
cultured thalli with damaged cells on the margin. (Scale
bar: 50 pm.) (G-/) Morphological changes after collision
between thalli. The growth of two closely positioned thalli
was modeled. The initial condition is shown in G, and H
shows the pattern after simulated growth, Competition for
space results in a characteristic curved boundary between
the different sized thalli. (/) similar patterns are observed
among experimentally cultured thalli (Scale bar: 100 pm).

Dupuy et al.
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explicit interactions between the physical and genetic processes
of plant cell growth, and that capture some of the emergent
properties found during morphogenesis (13, 30).

Molecular tools to manipulate Coleocheate genetically remain
limited. However, this work shows that a better integration of
quantitative genetic and physical information from living tissues
is achievable. The simplicity of the Coleochaete system will allow
techniques for genetic marking, live microscopy, image analysis
(18), and mechanical manipulation (31) to be combined simul-
taneously across the whole organism. This type of integrated
experimental approach is required for a better understanding of
the cellular and genetic dynamics of plant systems.

Improved Models for Plant Cellular Morphogenesis. Modeling has
greatly contributed to our understanding of the genetic and
physical processes underlying development (32). Numerous
modeling studies of animal and plant systems have been key to
emphasize the role of these processes in the regulation of cell
proliferation (33, 34), but few have considered the biphasic
nature of plant tissues. In early work in the laboratory (17), such
models were based on cell wall segments represented as a set of
two parallel springs, where the elastic properties of each spring
were controlled by the corresponding adjacent cell. However,
walls at the junction between two cells consisted of a single
subdivision, and this did not allow for cell wall bending. In
addition, elasticity merely approximates the physical properties
of cell walls, and model parameters cannot be derived easily
from experimental data. The system described here has allowed
us to overcome these shortcomings and improve the model in
two different ways:

(#) We have incorporated a different and more accurate quan-
titative model for cell wall physics based on a pure viscous
model. Experimental observations of the ultrastructure of
cell walls (35) and expansion rates after imposition of shifts
in turgor (21) favor inelastic models for wall expansion. The
parameterization of this model is simple, requiring a viscos-
ity coefficient that can be measured experimentally.

(1) A more accurate numerical description of cell wall seg-
ments was added. This allows bending of wall segments
and better simulation of more complex behavior, such as
bending and twisting of tissues, which are common mor-
phological features in plant development (30). For exam-
ple, tip growth, e.g., hairs and hyphae, require local
changes of cell wall properties (22). In addition, it has
been shown that excess growth in marginal regions causes
a gradual bending of Antirrhinum leaves (36). Well-estab-
lished mechanical theories can be used for the modeling
of such phenomena. Beam theory (37) and 2D finite ele-
ment analysis were able to reproduce a variety of morpho-
genetic behavior. Plate or shell theory could be used with
similar techniques to simulate 3D growth (38) and could
be coupled to detailed models of cell function (39).

Cell Division Patterns May Be Determined by Cell Shape. Empirical
relationships between cell shape, mechanical force, and direction
of growth for the determination of the axis of cell division have
been described by early cell biologists (40), but the processes that
control the positioning of nascent plant cell walls remain poorly
understood (41). However, there is increasingly good charac-
terization of such mechanisms in microbes (42, 43). There is no
opportunity for tissue stresses to play a role in the timing or
orientation of cell division for single-cell organisms (Fig. 4). The
study of minicell mutants of E. coli indicates that feedback
regulated interactions between MinC, MinD, and MinE proteins
can integrate the spatial properties of the cell interior and form a

Dupuy et al.

Fig. 4. Schematic diagram of cells at the margin of a Coleochaete thallus.
(A) Cell expansion is propelled by autonomous changes in turgor pressure (P)
and wall softening. However, the extent and direction of growth of an
individual cell is constrained by counterforces, which originate from sur-
rounding cells and are transmitted throughout the tissue. (B) Cell-autono-
mous processes for regulating (i) the timing of division according to cell size
and (i) the plane of cell division according to the shape of the cell are
sufficient to account for morphogenesis in Coloechaete.

key for the correct positioning of the septum during cell division
(44, 45). All single-cell organisms that maintain a regular mor-
phology must possess some cell-autonomous mechanism for
sensing cell shape and size, and therefore regulate division. We
have implemented such a scheme in cellular models of Coleo-
cheate. The physical forces produced as a result of cellular
growth are instantaneously transmitted across a plant tissue, and
this results in the coupling of cell shape and size across growing
tissues. The application of simple cell-autonomous rules to
govern cell division in the coupled Coleochaete system was suf-
ficient to describe larger scale features of growth, such as coor-
dination of division patterns, outgrowth, and thallus shape.

In both organismal and cellular theories for morphogenesis,
some degree of coupling between the genetic system of the plant
and the physics of growth is inescapable, and this makes it dif-
ficult to discriminate between the two theories. The key to dis-
tinguishing between these theories must lie in understanding the
precise nature of the coupling between genetic and biophysical
processes in living cells. The simplicity of Coleochaete allows a
systematic approach to the analysis of plant morphogenesis. We
have constructed a unified cellular and biophysical model for
growth of Coleochaete, and shown that simple local rules (Fig. 4)
can be applied in a cellular automata-like fashion to recapitulate
emergent morphogenetic properties during growth. The approach
may be applied to higher plants, and simplify the rational design
and engineering of plant morphogenesis.

Materials and Methods

Algal Culture and Time-Lapse Imaging. Specimens were obtained by filtering
cultures of Coleochaete scutata (UTEX LB2567) to obtain zoospores and
specimens smaller than 40 pm. Specimens were inoculated on Lab-Tek
chambered coverglass slides and grown in Bold’'s modified basal freshwater
nutrient solution (Sigma-Aldrich) at 22° C with continuous light. Thalli were
examined using DIC optics on a Leica DMI 6000 B inverted microscope, with

Table 1. List of the parameter values used for simulation of
growth in Coleochaete

Cell properties Mean
Wall cross-section, S 5 pm?
Moment of Inertia, I* 5.10°-10* pm“
Turgor pressure, P-Pq 0.5 MPa
Viscosity, p 12,000 GPa-s
Cell cross-section 400 um?
Coefficient of asymmetry, a 0.8-1- 1.2
Stochastic parameter, s 0.055

*Values of the moment of inertia were higher than the estimates based on
wall geometry (x2.1072) to incorporate the contribution of orthogonal walls
which reinforce resistance to bending, similar to reinforcement provided by |
beams (48).
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40x dry lens. The walls of living cells were stained using calcofluor white (46)
at a concentration of 0.2 pg/mL in the growth medium, and imaged using
fluorescence microscopy (A4 filter block; Leica). Time-lapse sequences were
captured from 20 specimens in parallel using a computer-controlled robotic
stage at 4-h time intervals over several days. Images were captured using a
Leica DFC350FX digital camera.

Confocal Microscopy. Images of fixed Coleochaete scutata thalli were
obtained using a Leica TCS SP1 confocal laser scanning microscope, with 40x
N.A. 0.8 objective.

Image Segmentation. We used a marked watershed algorithm (47) for the
segmentation of cellular structures. The algorithm was initiated by seeding
each cell in the image with a point. The topography was then flooded from
below, using each seed as a source. Pixels in the image were progressively
grouped into basins that correspond to cell interiors and are separated from
each other by higher intensity values that correspond to the labeled cell
walls. When the processing was complete, each pixel of the image was
associated to at least one initial seed label. Intercellular junctions were
defined by contact between at least three basins, and each was assigned a
vertex. A wall was defined as a segment between two vertices sharing the
same basins. A cell was bounded by walls sharing a common basin.

Finite Element Analysis. Tissues were represented as networks of 2D Euler
Bernoulli beams, defined by vertices at the extremities and midpoint (37). This
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assumed tissues of constant thickness. Possible effects such as the increase in
bending resistance due to orthogonal walls in the third dimension (Table 1)
were incorporated as structural properties (e.g., cell wall moment of inertia
and cross-section) (48). At each growth increment, a forward-Euler finite
difference scheme and the scaled gradient conjugate method was used to
solve the system. Interior cells were considered rigid. Initial conditions for
circular thalli consisted of a symmetrical arrangement of one cell surrounded
by auniform distribution of eight others. Contact between thalli was simu-
lated by production of a diffusible inhibitor that blocks expansion of adja-
cent specimens (see Table 1 for the input parameters used for the simulation
of thallus growth). The numerical model was validated by comparing sim-
ulations to the analytical model (S/ Text).

Software. CellModeller software was written in C++ using OpenGL graphics.
The user interface was created using the wxPython graphic library (http:/
www.wxpython.org/) and was bound to the C++ code using SWIG (http:/
www.swig.org/). The software can be downloaded at http://www.scri.ac.uk/
research/epi/resourcecapture/plantmodelling.
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