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ABSTRACT

Modeling approaches, using mathematical and computational tools for visualization and simulation, are gaining new interest in the field
of developmental biology. These methods are providing new insights into molecular interactions, growth processes and morphological
evolution. The distinctive reproductive structures of angiosperms, flowers and inflorescences, are of particular interest from both a
developmental and evolutionary perspective. Here we review the diversity of studies which have used modeling approaches to investigate
the structure and development of flowers and inflorescences. Models of architecture (branching and determinacy) and phyllotaxis
(primordia arrangement) are described, focusing on different factors ranging from environmental pressures to physical constraints,
chemical signaling, and genetic determination. Modeling has also been used to provide a description and framework for understanding
growth at the level of single floral organs. In addition, we also consider models that explore the behaviour of gene regulatory networks
involved in the development of plant reproductive structures. Models of flowers and inflorescences are still mostly disconnected, and
integrating these will help explain the developmental processes underlying morphological diversity. Modeling is a useful tool for testing
hypotheses and guiding empirical research and will undoubtedly become an increasingly important component of integrative studies of

plant development and evolution.
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INTRODUCTION

Plant development is a continuous process with parts deve-
loping from meristematic regions where cells divide and
differentiate. The shoot apical meristem (SAM) is the
region at the tip of the stem consisting of a few hundred
totipotent cells (that can differentiate into any type of cell)
from which the aerial parts of the plant develop. At the
flank of the SAM, determinate primordia producing leaves
or flowers, and axillary meristems (e.g. producing inflores-
cences) are formed. Complex processes operate during pri-
mordia development at different scales: from molecular sig-
nals within a cell to cellular interactions, tissue patterning
and organ formation. Integrating the multiple factors that
underlie the resulting three-dimensional (3D) structures is
one of the central challenges of plant developmental biology.
The complexity of these interactions requires the use of for-
mal methods of analysis. In particular, modeling approaches
are becoming prevalent in this field.

Modeling typically involves the use of mathematical
and/or computational tools to visualize and simulate the
system under study (terms in bold are defined in the glos-

sary). Although in the field of plant biology, the term
modeling is frequently associated with in silico or virtual
plants, it encompasses a diversity of approaches depending
on the biological process under investigation. These include
models of plant architecture (simulating how different com-
ponents are assembled on a plant), models of cell-cell inter-
actions, and models incorporating genetic regulatory net-
works (reviewed in Alvarez-Buylla et al. 2007; Godin 2000;
Prusinkiewicz 2004; Prusinkiewicz and Rolland-Lagan
2006). Modeling is increasingly seen as important for
understanding plant development (Gutiérrez et al. 2005;
Hammer et al. 2004; Minorsky 2003; Yuan et al. 2008) by
serving to: i) simulate biological processes and predict the
effects of changes in selected factors, ii) visualize the inter-
play of processes acting on different levels (e.g. molecular
and cellular), and iii) test hypotheses and guide empirical
research.

Modeling methods have been used for decades to
investigate biological and developmental mechanisms and
dynamics (reviewed in Lewis 2008; Prusinkiewicz 1993;
Tomlin and Axelrod 2007). Early modeling approaches
were seminal in developing these tools in relation to cellular
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networks and pattern formation (e.g. Turing 1952) but were
limited in their explicative power by the availability of
experimental data (Tomlin and Axelrod 2007). However,
over the past decade, modeling of development has found a
new impetus through the combination of the rapid increase
in genomic and proteomic data, novel techniques in image
capture, greater computational power and both analytical
and theoretical advances. These advances have spurred the
collaboration of biologists, mathematicians and computer
scientists, whose work is starting to reveal new insights into
developmental mechanisms.

Here we review modeling approaches that have been
used in relation to flowers and inflorescences. Flowers are
one of the most intensely studied systems in plant develop-
mental biology. The interest in these reproductive structures,
the hallmark of angiosperms, arises from their biological
significance, having played an important role in the evolu-
tionary success of this group (Theissen and Mezler 2007,
Crepet and Niklas 2009). Flowers are generally arranged in
a stereotypical pattern with sterile organs (sepals, petals)
surrounding the stamens and carpels. However, they vary
greatly in the size, appearance and number of their constitu-
tive parts. In addition, flowers can be solitary or grouped
into inflorescences, which also vary in their organization.

Many simulation studies involving plant reproductive
structures have been carried out in the context of agrono-
mical experiments, where organ formation is predicted in
silico under limiting resources (e.g. Faust and Heins 1994;
Larsen and Persson 1999; Cole et al. 2005). However, these
studies do not aim to explain the endogenous processes
underlying form and development and will not be covered
here. In the present review, we survey the variety of methods
which have been used to model plant reproductive struc-
tures at different levels (Fig. 1) and the dynamic processes
which generate them (from genetic and cellular interactions
to physical constraints). Furthermore, we highlight the pot-
ential of these approaches for understanding the diversity
and evolution of floral and inflorescence structures.

MODELING INFLORESCENCE ARCHITECTURE
AND PHYLLOTAXIS

Inflorescences are modular structures, with their constitu-
tive parts (flowers with or without pedicels, bracts, and
internodes) regularly reiterated along the growth axis. Inflo-
rescence growth can be determinate or indeterminate depen-
ding on the presence, or absence, of a terminal flower at the
apex. Moreover, inflorescences vary in their level of com-
plexity. They can be either simple, with growth along a sin-
gle axis, or compound, where branching occurs and flowers
are borne on secondary axes. Because of these defining fea-
tures (modularity, regularity, varying levels of complexity),
inflorescences have been highly suitable for modeling. In
this section, we review modeling approaches which have
been used to reproduce and to account for various inflores-
cence architectures and phyllotactic patterns.

Modeling inflorescence architecture — simulation
and evolutionary inferences

An important condition for virtual flowers and inflorescen-
ces to become the starting point of scientific studies is that
they must be as faithful as possible to the natural structures
represented. The method of Ijiri ef al. (2005) and Ding ef al.
(2008)) takes into consideration the botanical characteristics
of plant reproductive structures, such that their results are
morphologically meaningful. Their method for modeling
solid shapes is sketch-based, and consequently very user-
friendly. In two successive steps, the user draws the shape
of the inflorescence and that of a typical flower. The com-
puter model then edits the organs according to the input
parameters (e.g. the length of the internode (the segment of
stem between two nodes), the length of the pedicel (subten-
ding the flower), and flower size) deduced from the user-
defined sketches and grafts the flowers onto the inflores-
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cence backbone. It allows a representation of inflorescences
and flowers that respects architecture, linkage points and
relative position of organs, as drawn components and the
relations among them are adjusted and corrected according
to predefined mathematical and botanical rules. At present,
this method only provides a tool for visualizing computer-
generated flowers and inflorescences and, as it is based on a
sketch and not on computation or simulation, it conse-
quently does not have any predictive power. However, it
could be a useful tool for obtaining 3D images of flowers
and inflorescences and as such, could help interpret results
of comparative studies focusing on, for instance, branching
patterns or relative organ positions.

Models can thus be descriptive, aiming to reproduce a
faithful image of natural shapes, or may also be explicative,
when they enable the investigation of factors underlying the
formation of a given structure. An example of the latter is
given by Jeune and Barabé (1998), who explored with a
mathematical approach the geometrical and biophysical
rules that affect the spatial arrangement of inflorescence
components. They compared the structure of the compact
inflorescences of the Araceae with a theoretical structure
where the average number of sides of floral primordia neigh-
bouring an n-sided primordium is determined by physical
laws. The discrepancy they observed between the measured
shape and organization of inflorescences in Araceae and
those predicted by theory was accounted for by the effect of
physical constraint (the proximal environment of deve-
loping organs), the relative importance of which was quan-
tified.

Architectural models of inflorescences aim to under-
stand how branching patterns and complex architectures are
generated. General branching patterns identified in the ela-
boration of many plant structures and entire plant architec-
ture (reviewed in Barthélémy and Caraglio 2007) can be
transposed to inflorescences. Lindenmayer (1968a, 1968b)
was the first to propose a mathematical method (L-sys-
tems) to model the development of branched architectures.
L-systems describe the elaboration of a structure using an
algorithm that re-writes parts of an initial and simple object
in order to build complex objects, this procedure being re-
peated each time a new level of complexity is added. This
method has been very useful for reproducing branching
systems such as those found in plants and breaking down
the processes involved in growth. In plant biology, it has
primarily been used in studies of tree architectural develop-
ment and horticultural crop modeling (e.g. Wilson et al.
1999; Perttunen and Sievanen 2005). L-system is a tool that
has also been integrated in the representation of the deve-
lopment of inflorescences with determinate and indeter-
minate growth (Frijters 1978; Prusinkiewicz and Linden-
mayer 1990; Prusinkiewicz 1998) as well as entire plants
(Arabidopsis: Miindermann et al. 2005; rice: Watanabe ef al.
2005).

The genetic mechanisms underlying inflorescence ar-
chitecture have been well documented in model organisms
from both eudicot and monocot (primarily grass) clades,
and often imply genes of large effect such as LEAFY (LFY),
APETALAI (API) and TERMINAL FLOWERI (TFLI) (e.g.
Bradley et al. 1996; Vollbrecht et al. 2005; Cassani et al.
2006; reviewed in Benlloch ef al. 2007; Doust 2007; Wang
and Li 2008). However, few studies have integrated genetic
factors in developmental modeling. Recently, Prusinkiewicz
et al. (2007) investigated the evolutionary constraints on
inflorescence architecture by modeling the effects of transi-
ent genetic signals on development. They proposed a model
combining architectural, genetic and fitness components
that can account for the range of existing inflorescence
architectures. Inflorescences are generally categorized into
three main types (but see Prenner et al. 2009, who highlight
the pitfalls associated with current inflorescence architec-
ture terminology): i) cymes, with determinate growth where
the principal axis is terminated by a flower and lateral axes
form a branch repeating this pattern, ii) racemes, with in-
determinate growth where flowers are borne in lateral posi-
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Modeled objects in the study of

Selected references

flower/inflorescence shape and development

Evolution of inflorescence shape

Adult inflorescence shape

Inflorescence shape during
development

Adult flower shape

Flower shape during development

Floral organ positioning

Floral organ identity specification

Floral organ development

.
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Prusinkiewicz et al. 2007

Ding et al. 2008; ljiri et al. 2005;
Jean 1994; Jean and Barabé 2001;
Jeune and Barabé 1998;
Prusinkiewicz et al. 2007;

Van Iterson 1907; Vogel 1979

Barabé and Jean 1996; Cooke 2006;
Douady and Couder 19963, b, c;
Frijters 1978; Hotton et al. 2006;
Lindenmayer 1968a, b;

Prusinkiewicz and Lindenmayer 1990;
Prusinkiewicz et al. 1998;
Prusinkiewicz et al. 2007;

Van Der Linden 1995; Yeatts 2004

Gielis 2003; Gielis and Gerats 2004;
ljiri et al. 2005

Van Der Linden 1995

Alexeev et al. 2005; Skryabin et al. 2006

Skryabin et al. 2006

Coen et al. 2004;
Rolland-Lagan et al. 2003, 2005

Fig. 1 A summary of the objects investigated in modeling studies of flower and inflorescence shape and development. Selected references are

associated with each type of modeled object.

tions, and iii) panicles, which are branched structures whose
growth along the main and lateral axes is terminated by a
flower (Fig. 2). The model of Prusinkiewicz et al. (2007)
suggests that a common mechanism with two variable ele-
ments, corresponding to the antagonistic transcription fac-
tors LFY and TFLI, is sufficient to produce the main inflo-
rescence types. Moreover, the model accounts for wild type
and single/double mutants of LFY and TFLI in the racemose
inflorescence of Arabidopsis thaliana. Another original
aspect of this study is that modeling was also used to inves-
tigate the ecological and life history context of inflores-
cence evolution. For instance, by considering the fitness of
different architectures (calculated using mathematical and
probabilistic methods) within the space of possible forms,
the model predicted the effect of climate on the evolution of
inflorescence type and their respective geographical distri-
bution. Their results suggest that, in regions with unpredic-
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table climates (i.e. temperate regions), inflorescences tend
to bear fewer flowers but flower for longer. This corres-
ponds to what is observed in nature, with cymes and racemes
being predominant in temperate climates, and panicles in
tropical ones. This study suggests that evolutionary transi-
tions among the main types of inflorescences are not only
constrained by developmental genetic mechanisms, but also
by the effects of climate and plant longevity. It highlights
the potential of modeling for providing a new perspective
on the evolution of morphological diversity, in this case by
testing the effects of changes in a common underlying fac-
tor. However, the prospects for modeling the mechanisms of
the evolution of plant reproductive structures are dependent
on improved knowledge of morphology and development,
improved assessment of homology (derived from phylo-
geny), and consistent terminology (as noted by Prenner et al.
2009).
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Position of new primordia on the inflorescence
meristem: static and dynamic modeling of
phyllotaxis

Phyllotaxis is the regular arrangement of lateral organs
along a main axis, and is a feature of both vegetative and
reproductive plant structures including inflorescences. In
the latter, primordia are often more condensed than in the
former, and in some cases can be extremely compact, as in
the capitulum of Asteraceac where all flowers are inserted
directly on a common receptacle (Fig. 2). The most pre-
valent phyllotactic patterns in vascular plants are distichous
(alternate), decussate (where successive opposite leaf pairs
are perpendicular), whorled, and in parastichies (i.e. spirals
on a disk and helices on a cylinder). However, these com-
mon phyllotactic patterns represent only a small fraction of
all possible patterns that can be created by repeating similar
units in space. This was shown by Hotton ef al. (2006) who
compared observed and simulated phyllotactic patterns in
two Asteraceae inflorescences using a geometrical dyna-
mic model. The authors introduce a mechanistic represen-
tation of phyllotactic patterns which records both the
position of florets and the developmental history of parasti-
chies. This representation, called an ontogenic graph, does
not impose large scale rules (e.g. a regular divergence angle
between consecutive primordia) but rather local geometry
rules. It offers a basis for comparing actual and possible
patterns, simulated from an initial ring of florets based on
the observed pattern.

Phyllotaxis is a botanical feature with a long history of
modeling as it is regular and appears to follow certain
mathematically defined patterns (e.g. the divergence angle
between two successive primordia is often close to the
golden angle ~137.5°, the number of parastichies in a spiral
phyllotactic pattern is given by the Fibonacci series) (re-
viewed in Adler et al. 1997; Wilson 1995) (Fig. 3). A con-

siderable number of theories and strategies have been pro-
posed to recreate and explain phyllotaxis (reviewed in Korn
2008). Modeling has been used to investigate the role of
physical constraints and chemical factors on primordia ar-
rangement. Here we focus on studies modeling phyllotactic
patterns in inflorescences.

Models of phyllotactic patterns in inflorescences have
been developed since the early 1900’s. Van Iterson (1907)
addressed the issue of flower packing in an inflorescence by
modeling circles on a cylinder. Packing of flowers in an
inflorescence was also central to the study of Vogel (1979)
who modeled a sunflower capitulum on a two-dimensional
space. The study of van der Linden (1996) presented a
mathematical and geometrical model of organ packing
which integrated physical constraints. It consisted of two
main processes: i) to create patterns where spheres of dif-
ferent sizes (mimicking spheres appearing successively,
such that earlier spheres are larger) are positioned on a stem
represented as an infinite cylinder, and ii) to translate the
centre of the spheres and resize the spheres to simulate axial
and radial growth of stem and organs. Van der Linden
applied this method to both flowers and inflorescences, and
focused on the phyllotactic transition from indeterminate
(vegetative parts) to determinate growth (as in some repro-
ductive parts). This method attempts to limit phyllotactic
patterns to processes of primordia differentiation, compres-
sibility and annular arrangement around the stem or on the
meristem. However, the optimal packing hypothesis has
been questioned; for instance Cooke ef al. (2006) suggested
that, based on results from geometrical modeling of in-
florescences, phyllotactic patterns generally arise from local
inhibitory interactions among the existing primordia already
positioned.

Modeling to investigate phyllotactic patterns has also
been used by physicists, who introduced concepts from
their discipline such as energy, force and motion over space

Fig. 2 Main types of inflorescences, with examples. Racemose: Al-2: simple raceme - Passiflora mollissima, Passifloraceae, B1-2: capitulum -
Ageratina sp., Asteraceae, C1-2: umbel - Allium sp., Alliaceae, D1-2: spadix - Anthurium sp., Araceae, Paniculate: E1-2: panicle (compound raceme) -
Hydrangea macrophylla, Hydrangeaceae. Cymeose: F1-2: dichasial cyme - Aquilegia alpina, Ranunculaceae. In the diagrams, vegetative parts are in
green: peduncles (subtending the whole inflorescence), pedicels (subtending single flowers) and bracts (leaf associated with flowers or inflorescences);
flowers are in purple with flower size reflecting the order of initiation (larger flowers are initiated earlier).
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Important features of phyllotaxis
* Spiral or whorled primordia initiation (producing parastichies or orthostichies)
* Plastochrone (time lapse between the initiation of two consecutive primordia)
* Size of meristem and organ primordia
* When phyllotaxis is spiral, i) number of parastichies is given by the Fibonacci series and
ii) two consecutive primordia form an angle equivalent to golden angle (~137,5°) relatively
to the centre of the meristem

Fig. 3 Features of spiral and whorled floral phyllotaxis. The order of primordia initiation on the floral meristem is shown by the pink arrows (A:
spiral initiation, C: whorled initiation). Spiral phyllotaxis results in the formation of parastichies (curved lines, one parastichy is displayed in B).
Whorled phyllotaxis results in the formation of orthostichies (columns of primordia, one orthostichy is displayed in C). Examples taken from
Ranunculaceae floral buds (A and B: Delphinium grandiflorum, C: Aquilegia alpina). Scale bars: 100 pm. Important features of primordia arrangement

that are often used as input parameters in models of phyllotaxis are listed.

and time. In a series of three papers, Douady and Couder
(1996a, 1996b, 1996¢) presented a dynamic model of phyl-
lotaxis using notions of mechanics, where newly arising
primordia are considered as interacting points, moving on
the meristematic dome during its elongation. This model in-
corporates biologically relevant parameters such as plasto-
chrones (the time lapse separating the initiation of two
consecutive organs), primordia shape, velocity, and posi-
tioning, which are determinant factors for phyllotaxis first

identified by Hofmeister (1868) and Snow and Snow (1952).

Thei theoretical studies of Douady and Couder are illus-
trated by two botanical examples: the capitulum of Astera-
ceae and the tip of the stem of Asparagus.

Phyllotaxis has also been modeled under specific con-
ditions in case studies of particular types of inflorescences:
the capitulum of Asteraceae (Yeatts 2004) and the compact
spadix of Araceae (Barabé and Jean 1996; Jean and Barabé
2001). The purpose of the first study was to mathematically
model the growth and form of a capitulum from initiation of
the florets to the cessation of growth. This descriptive work
did not set out to explain the irregularities found in natural
forms, unlike the studies of Barabé and Jean. Barabé and
Jean (1996) studied the case of the inflorescence of Symplo-
carpus (Araceae) to model the influence of the overall

shape of the inflorescence on local phyllotactic organization.

By combining a dynamic model of phyllotaxis with a
model of allometric growth (i.e. growth that changes the
proportions of a structure), they showed that as the length-
to-width ratio of the inflorescence increases, the number of
parastichies decreases while plastochrones become longer.
Jean and Barabé (2001) focused on the morphogenetic con-
straint applied to the relative position of flowers and used
mathematical models (Jean 1994) to explain the apparent
irregularities observed in the changes in phyllotactic pat-
terns between young and mature spadices of Araceae. These
models are based on ideas of branching and maximizing the
stability and regularity of the inflorescence structure.

Studies of inflorescence phyllotaxis using modeling
approaches have so far focused on pattern generation based
on mathematical and physical rules. However, the control of
phyllotactic patterns, characterized in the shoot apical meri-
stem, is now known to involve a number of molecular sig-
nals (reviewed in Reinhardt 2005) which have yet to be in-
cluded in models of inflorescence phyllotaxis. Independent
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studies of phyllotaxis at the shoot apical meristem have
combined experimental data with modeling and computer
simulations (Barbier de Reuille et al. 2006; Heisler and
Jonsson 2006; Jonsson et al. 2006; Smith ef al. 2006b) and
provide a mechanistic explanation for patterning that is
based upon active transport of the plant hormone auxin in
zones where new primordia will be generated (reviewed in
Kuhlemeier 2007). The question is whether the results from
the shoot apical meristem can be transposed to other meri-
stems, despite the differences in meristem size and speed of
primordia initiation between vegetative and inflorescence
meristems (Fleming 2006). Genetic and hormonal mecha-
nisms operating in inflorescence meristems have been iden-
tified using classical molecular and genetic studies (Byrne
2003; reviewed in McSteen 2009). Therefore it should be
possible to combine morphological models of inflorescence
architecture with morphogenetic models in order to obtain a
deeper understanding of the effects of intrinsic factors on
inflorescence shape and development.

MODELING FLOWER SHAPE AND DEVELOPMENT

Although flowers are at the centre of plant genomic,
developmental and morphological research, so far there
have only been a few studies that have sought to model
some of the processes involved in floral pattern formation
and development. These studies have employed different
strategies to investigate very different questions.

The overall shape of flowers, as with many other biolo-
gical objects, displays geometric patterns which have in-
spired mathematical representations. Recently, a single
equation, referred to as the Superformula, derived from the
equation for a circle, has been proposed to generate many
abstract and natural forms (e.g. starfish, shells and flowers)
(Gielis 2003; Gielis and Gerats 2004). The formula integ-
rates three biologically meaningful characteristics: size,
shape and symmetry. The authors suggest that this mathe-
matical approach for pattern generation is not only a useful
visualization tool (which has been developed as programmes
for 2- and 3D form generation), but may also provide in-
sights into the evolutionary trends of biological shapes.
They argue that their model encapsulates biophysical laws
which play a crucial role in defining shape and structure,
and illustrate this by using flowers and floral organs as an
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example, considering possible optimizations such as area
use efficiency in floral buds, and perimeter shortening due
to fusion. However, the significance of the Superformula in
biology remains to be demonstrated, as it is not unique in its
capacity to recreate shapes that resemble those found in
nature (Whitfield 2003).

As with flowers on an inflorescence, floral organs are
arranged on a floral meristem following regular phyllotactic
patterns (spiral or whorled). Simulation studies of inhibitory
fields surrounding primordia have proven to be important
for testing hypotheses of pattern generation (Smith et al.
2006a). Inhibitory fields have long been invoked in the con-
trol of primordia positioning, and different mechanisms
have been proposed, such as diffusion of a chemical inhib-
itor or depletion of a primordia-promoting factor (e.g. Rein-
hardt ez al. 2003). In flowers, patterning of organ primordia
on the floral meristem was investigated by mathematical
modeling of inhibitory fields, using A. thaliana as a case
study (Alexeev et al. 2005; Skryabin et al. 2006). Accor-
ding to their simulations, the expected number and position
of floral organs in A. thaliana was recovered, provided two
regions generating primordia are defined on the floral
meristem: one at the base of the meristematic dome and one
at the apex (Alexeev et al. 2005).

The determination of floral organ identity has been des-
cribed at the molecular level by the ABC model (Coen and
Meyerowitz 1991). The ABC model, first described in the
model core eudicot species A. thaliana and Antirrhinum
majus (Coen and Meyerowitz 1991) synthesizes how the
formation of different flower organs is determined by the
combinatorial interaction of a few homeotic gene functions:
A class function specifies sepal identity, A + B petal identity,
B + C stamen identity, and C carpel identity. The spatial
arrangement of floral organs in four sequential whorls (from
outermost sepals to innermost carpels) coincides with A, B
and C expression patterns (reviewed in Krizek and Fletcher
2005). Refinements of the classical ABC model include the
addition of D and E functions; D is required for ovule deve-
lopment (Colombo ef al. 1995), whereas E, in addition to A,
B, C and D, is crucial for floral organ development (Pelaz et
al. 2000).

The inhibitory field model of Skryabin et al. was used
to investigate the effects of the genes APETALA2 (AP2,
class A) and AGAMOUS (AG, class C) which control organ
identity in different parts of the flower (Bowman et al. 1989,
1991). Ap2 and ag mutants not only display changes in or-
gan identity, but also changes in organ number and posi-
tioning (Bowman et al. 1989, 1991; Choob and Penin 2004).
The patterns of organ formation observed in some mutant
phenotypes were recovered under different conditions of the
model. For instance, the proliferation of petals in the inner
whorls of flowers of ag mutants was reproduced in silico
under the assumption that the apical zone of reproductive
organ (i.e. stamen and carpel) formation is absent (Alexeev
et al. 2005; Skryabin et al. 2006). Although the model suc-
ceeds in reproducing observed patterns of floral organ
arrangement, as described above, an assessment of whether
all the predictions made by it (such as the presence of two
zones of origin of organ primordia on the floral meristem) is
still lacking. Nevertheless, it allows the exploration of
poorly-understood factors such as local interactions between
primordia on the spatial patterns of floral organ formation.

Understanding how complex organs develop from un-
differentiated primordia, and relating the observed growth
patterns to the underlying molecular activity, remains a dif-
ficult process. To bridge this gap, recent work has focused
on the development of petals which, although conspicuous,
are comparatively simple flat organs whose growth can be
represented in 2D (Rolland-Lagan et al. 2005; Irish 2008).
Initial steps have been taken for elucidating the mechanisms
of petal growth in 4. majus, and in these studies, modeling
methods have played a central role (Rolland-Lagan et al.
2003; Coen et al. 2004; Rolland-Lagan et al. 2005). As
internal developmental patterns cannot be observed directly,
Rolland-Lagan et al. (2003; 2005) reconstructed A. majus
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dorsal petal growth by incorporating experimental data
from clonal analysis (where dividing cells are genetically
marked and their descendants identified visually in mature
organs) into a dynamic growth map. This map divides the
petal into a set of regions interconnected by “springs” giving
the structure elasticity and allowing changes in shape to be
accommodated. Different growth parameters (growth rate,
main direction of growth, anisotropy — the degree with which
growth occurs preferentially in one direction, and rotation)
were estimated for each region from the shape of the clones
induced at different points in time. Through a process of
parameter estimation and corresponding grid adjustment,
the developmental sequence of petal growth was retraced.
The relative contribution of these parameters to final petal
shape was determined by simulations under different para-
meter values, providing an explanation of morphological
shape (Rolland-Lagan et al. 2003). For instance, it was
found that asymmetry, an important characteristic of the
dorsal petals of 4. majus, was primarily determined by the
main direction of growth rather than by unequal growth
rates.

This type of growth modeling provides a framework for
exploring the relationship between growth patterns and
molecular signals. A preliminary model incorporating puta-
tive molecular signals and growth parameters has been pro-
posed by Coen et al. (2004). This model simulates the com-
bined effects of two classes of morphogens (polarizing —
which determines the principal axis of growth, and region-
alizing — which elaborates local differences) on growth rate,
direction of growth and anisotropy in different regions of
the dorsal petal of 4. majus. The observed shape of mature
petals was recovered under a given set of assumptions that
can then be tested experimentally and compared to known
phenotypes. To link this model to experimental data, the
transcription factor CYCLOIDEA (CYC), a known determi-
nant of petal asymmetry (Luo ef al. 1999) and therefore a
candidate morphogen for regional (dorso-ventral) differen-
ces, was used as an example. Under this model, simulation
of ectopic expression of CYC, which removes the distinc-
tion between dorsal and lateral regions of the petal, cor-
responded to the mutant phenotype (Coen et al. 2004). It is
clear that simulating the effect of genes on cellular assemb-
lages, often considered a “black box” in developmental
biology, will greatly help our understanding of the pro-
cesses underlying floral development.

MODELING MOLECULAR PROCESSES INVOLVED
IN PLANT REPRODUCTIVE DEVELOPMENT

Models that propose to explain the genetic control of
primordia cell fate have changed our understanding of plant
development and evolution. With the recent substantial in-
crease in genomic data, it has become necessary to develop
computational tools to synthesize this type of information.
It is now common practice to represent gene interactions as
gene regulatory networks (GRN). GRNs are composed of
nodes, representing the network components which can be
transcribed genes, non-coding RNAs, proteins, and sig-
naling molecules, connected by edges indicating their inter-
action (usually activation or repression). Most of the regu-
latory networks proposed for different aspects of develop-
ment of plant reproductive structures are qualitative archi-
tectural and static models. Accumulated genetic data have
been summarized as GRNs for many aspects of plant deve-
lopment including early flower development (Wellmer ef al.
20006), petal development (Irish 2008), and anther formation
(Wijeratne ef al. 2007).

Computational approaches designed not only to recover
the architecture of the gene network but also infer its dyna-
mic behavior have not yet been widely applied to plant
developmental genetics (Alvarez-Buylla et al. 2007). How-
ever, a series of studies by Alvarez-Buylla ef al. (reviewed
in Alvarez-Buylla et al. 2010) have modeled the genetic
interactions of well-characterized genes (ABC and non-
ABC function) for flower and floral organ development.
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They applied Boolean logic (where gene expression is coded
as binary states (i.e. “on” or “off”) to which are applied
AND, OR, NOR rules to a small GRN of flowering and
floral identity genes (Mendoza and Alvarez-Buylla 1998;
Mendoza et al. 1999; Espinosa-Soto et al. 2004; Chaos et al.
20006). In their more recent studies, simulation of the dyna-
mics of a 15-gene network, grounded on experimental ex-
pression data in A. thaliana, recovered only a few steady
states (where the activation state of genes in the network
does not change over time) corresponding to the gene ex-
pression profiles experimentally observed in different types
of cells such as those of sepals, petals, stamens and carpels
(Espinosa-Soto et al. 2004; Chaos et al. 2006). These simu-
lations incorporated a few novel predictions of gene interac-
tions and highlighted a few discrepancies with experimental
data, which could lead to further in vivo experiments. Modi-
fications of the network provided clues regarding the evo-
lution and conservation of the general flower plan in eudi-
cots. The network was robust to point alterations in the logi-
cal rules (a proxy for small modifications in gene function),
suggesting that overall network functionality may be con-
served during evolution. In addition, simulation of the effect
of gene duplication and functional divergence on the net-
work, using Petunia hybrida as an example, reproduced
known patterns of expression profiles in this species (Espi-
nosa-Soto et al. 2004). The dynamics described in these
studies are deterministic, but increasing evidence suggests
that gene expression is a stochastic process (reviewed in
Kaern et al. 2005; Raser and O’Shea 2005; Raj and van
Oudenaarden 2008). The relative effect of stochastic pertur-
bations on gene networks has recently been investigated for
floral development (Alvarez-Buylla et al. 2008). The tem-
poral sequence dynamics of the floral GRN of Chaos ef al.
(2006) was explored by introducing a variable error proba-
bility for each gene at each update of the system. Different
modeling methods (discrete, with states updated synchro-
nously, and continuous) resulted in similar patterns of tem-
poral change which showed that stochastic modifications in
gene expression were sufficient to induce shifts from one
steady state (i.e. organ type) to another. The temporal se-
quence of these transitions (sepals, then petals, then carpels
and stamens) was consistent with the order of expression
over time of A, then B, then C function observed from
experimental data (Schmid ef al. 2003). Interestingly, unlike
for floral organs, small perturbations were not generally
sufficient to induce a shift from inflorescence to flower
meristem, suggesting that other inducing signals are re-
quired.

CONCLUSION

Modeling flowers and inflorescences are two research areas
which are largely disconnected at present. Models of flowers
have not been the elementary pieces used to build models of
inflorescences. The next step will be to design models
where both flowers and inflorescences are simultaneously
represented. Merging these two types of models will be key
to understanding the diversity and evolution of plant repro-
ductive structures in the context of development and to
study i) the interactions of molecular signals acting on
flowers and inflorescences, and ii) the constraints exerted
by inflorescence architecture on floral development (for
example, the potential effect of the position of a flower in
the inflorescence on its symmetry (Endress 1999)).

It is noticeable that model-based studies are very rarely
developed further in subsequent research. This may be due
to the fact that certain models investigate very specific
questions but also more generally, that models are not com-
prehensible to non-specialists owing to the lack of a com-
mon language between biologists and mathematicians/phy-
sicists. The former do not always understand the working of
models and how these can be applied to their biological sys-
tems. The latter do not always understand the needs of biol-
ogists in term of conceptualization, simulation and integ-
ration. This problem could be resolved in part by strength-
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ening communication and collaborations between scientists
from different fields. Integrative studies have shown that
they can produce original answers to problems that could
not have been addressed without the combination of know-
ledge and ways of thinking of different scientific fields.

The efforts to model flowers and inflorescences have
been patchy. Flowers in particular have not been the subject
of many modeling studies. Only a small number of plant
biologists are using this type of approach; nevertheless,
over recent years there has been a growing interest in
modeling plant developmental processes. Large scale pro-
jects have been initiated, which aim to model entire plants
and the working of their components. These include The
Computable Plant project (E. Mjolness, University of Cali-
fornia, Irvine, and E. Meyerowitz, California Institute of
Technology, USA), The Virtual Plant project (C. Godin,
Institut National de Recherche en Informatique et en Auto-
matique, Montpellier, France) and The Algorithmic Botany
project (P. Prusinkiewicz, University of Calgary, Canada).

Modeling can be a very useful approach for understan-
ding biological phenomena and their underlying mecha-
nisms. It has the potential to incorporate vast amounts of
data and can serve to test and generate hypotheses. In par-
ticular, modeling provides the power to predict biological
processes (such as localised activity of a putative morpho-
gen required for correct organ growth simulation, or chan-
ges in gene activity within a complex network under untes-
ted conditions) which cannot easily be uncovered experi-
mentally. The significance of modeling in plant evolution-
ary biology will also increase as more data (developmental
and genomic) become available for a greater number of spe-
cies. It will undoubtedly become an increasingly important
component of plant biology, and we expect it will become
routinely associated to “classical” experimental investiga-
tions.

GLOSSARY OF MODELING TERMINOLOGY IN
RELATION TO GROWTH AND DEVELOPMENT

Computational model: that uses computer resources to study the
behaviour of a complex object

Continuous: where states are defined over the whole of a possible
space (quantitative) and time is not interrupted (see ‘discrete’)

Descriptive: integrating measurements to reproduce form and
function as given by these, also known as reconstructive

Deterministic: producing the same output for a given set of condi-
tions with no randomness (see ‘stochastic’)

Discrete: that is not continuous; may refer to interrupted time
points or to states where the number of values is finite (qualitative)
(see ‘continuous’)

Dynamic: changing over a given time period; developmental (see
‘static’)

Geometrical model: explicit representation in a two-, three- or
more dimensional space of the shape and structure of an object by
means of geometrical tools

Mathematical model: representation of an object by numerical
quantities (inputs, outputs and internal states variables), and a set
of equations describing the interaction among these variables

Mechanistic: explains or reproduces form in terms of the under-
lying biological, chemical, or physical processes

Simulation model: a representation where, by changing variables,
predictions can be made about the behaviour of the object

Static: at a fixed point in time (see ‘dynamic)
Stochastic: where a state can be modified by random variation;

does not provide a single point estimate but a probability distribu-
tion of possible estimates (see ‘deterministic’).
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