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Introduction
Flower  are  present  in  a  great  number  of  different

plants  in  nature,  including  over  200,000  species  of
dicotyledonous plants.  With  very different  geometries
they  generally  have  the  same  role  in  plant
reproduction. The development of the flower was well
conserved during the evolution of dicotyledons and is
rather the same between different species. The most
common  model  system  to  study  the  flower
development is Arabidopsis Thaliana. Its development
is  well  described  and  is  divided  into  several
’developmental  stages’,  from floral  to  seed  dispersal
[1].  Here, I  will  review the literature pertaining to the
first few stages, up to arrive to the establishment of the
ABC pattern  as  well  as  those  that  pertain  to  model
flower formation

1. Flower initiation
The floral meristem emerges as a lateral outgrowth

from the periphery of the inflorescence meristem. Only
a few genes are necessary to confer floral meristem
identity.  LEAFY (LFY)  and  APETALA  1 (AP1)  are
genes that  ensure that  primordia adopt a flower fate
[2]. These two genes are expressed very early and are
in  mutual  repression  with  TERMINAL  FLOWER  1
(TFL1),  a  gene  that  maintains  the  inflorescence
meristem’s identity. In parallel,  AP1 is regulated by at
least two independent pathways. LFY is part of one of
them  in  regulating  positively  AP1 that  in  turn  can
positively  regulate  LFY expression  [3,  4].  The flower
initiation results from oriented cell division and growth.
Models proposed by Kwiatkowska explain the role of
these factors in the initiation process.  These models
give  tools  to  represent  meristem  or  others  plant
tissues. [5, 6].

2. The ABCE system
The  flower  is  composed  of  four  organ  types

separated  in  four  different  concentric  circles  called
whorls.  In  the  wild  type  flower  of  Arabidopsis,  four
sepals can be observed in the outer whorl, which form

with the four petals in the second whorl the perianth.
Then one finds six stamens which produce the pollen,
and in the fourth whorl, the  gynoecium, composed of
two carpels which produce ovules. To lead to this organ
formation, Smyth has separated the flower formation in
a few stages [1] : Stage 1 is the formation of a bump at
the periphery  of  the inflorescence meristem,  stage 2
begin at when a border appears between the meristem
and the developing flower. At stage 3, sepal formation
can be observed and at stage 6 the future organ can
be distinguished. The four whorls that predict the organ
position  are  characterized  from  the  stage  3  of  the
flower development by the expression of three classes
of  genes  (Figure  1.2).The  function of  these  different
genes can be understood by observing the morphology
of different mutants : ap1 and ap2 give carpels instead
of sepals and stamens instead of petals ; ap3 and  pi
give sepals  instead of  petals  and carpels  instead of
stamens and finally ag gives petals instead of stamens
and  sepals  instead  of  carpels.  These  observations
explain  the  ABC  system  (Figure  1.1)  with  class  A
genes,  APETALA 1  and  2 (AP1 and  AP2), present in
sepals and petals, class B genes,  APETALA 3 (AP3)
and  PISTILLATA (PI),  present in petals and stamens
and  class  C  genes,  AGAMOUS (AG)  present  in
stamens  and  carpels  [7].  Except  for  AP2,  all  these
genes code for transcription factors which play a key
role in organ initiation.

2.1. Class A genes

AP1 and  AP2 form  the  class  A  genes.  AP1 is
expressed  everywhere  in  the  floral  meristem  at  the
early stages of development and disappears from the
two inner whorls during stage 3 (Figure 2). This is due
to  repression  by  AG  [9].  AP2 is  also  expressed
everywhere in the floral meristem and play a role in its
identity [3],  but its activity is repressed by MicroRNA
miR172 in the two inner whorls. AP2 is also repressed
by AG in this area [10, 11]•.

2.2. Class B genes

PI and AP3 are the two genes of the class B, there
are expressed in the second and the third whorls from
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Organ formation during flower development in Arabidopsis is regulated by only few genes, what can be
summarized by the so-called ’ABC’ model. Interactions between these genes and with other non-ABC
genes are necessary to establish the  final  pattern of  concentric  circles of  ABC gene expression.  To
understand this process, the expression and the interactions between these genes in the early stages of
development  are  investigated  experimentally.  These  observations  allow  us  to  build  discrete  and
continuous models which can allow to understand pattern formation and stability mechanisms and help
to design new experiments.
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stage 3 (Figure 2). They can auto-regulate themselves
by  mutual  activation  and  by  self-regulation.
Nevertheless,  a  small  difference  between  this
expression is found. PI is expressed at the early stage
3 in the center of the floral meristem and disappears
then from the inner whorl, in contrast to  AP3 which is
never  expressed  in  this  whorl  [12,  13].  AP3  and  PI
proteins  can  form  an  heterodimer.  This  heterodimer
can  also  bind  to  the  promoter  region  of  AP1 and

repress  AP1 [14]•. PI  and  AP3 are  also  positively
regulated by the class A and C genes [15]••.

2.3. Class C gene

AG is the only known class C gene. It is expressed in
the  two  inner  whorls  from  stage  3  (Figure  2).  AG
represses expression of the class A genes  AP1 and
AP2 [16,  17,  18].  Class  A and  class  C  genes  are
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Figure  1:  ABC model of  floral-organ patterning  (reproduced from [8]••):  1. Arabidopsis homeotic floral  mutants  which
explain the ABC model based on experiments from Coen [7].  1.A. Wild-type flower.  1.B.  Single  ap2 mutant composed of
carpelloid sepals, stamens, stamens and carpels. 1.C. Single pi mutant composed of sepals, sepals, carpels and carpels. 1.D.
Single ag mutant has the stamens transformed into petals and the carpels are replaced by another flower repeating the same
pattern. 1.E ap2,pi double mutant composed only of sepalloid carpels.  1.F. ap2,ag double mutant has leaf-like organs in the
first  and fourth whorls and mosaic petal/stamen organs in the second and third  whorls.  1.G. ap3,ag double mutant with
repeated whorls of sepals.  1.H.  ap2,pi,ag triple mutant which has leaf-like organs with some residual carpel properties.  2.
Expression of the A,B and C genes during the early stages of the flower development. 3. Representation of the quartet model
in the wild-type flower [8••].
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antagonists.  This  is  confirmed  by  observations  of
expression of AP1 everywhere in ag mutant and of AG
everywhere  in  ap1 and  ap2.  AG  interacts  also  with
AP3, PI and SEPALLATA 3 (SEP3), which are together
regulated by a positive-feedback loop to maintain their
own expression [19]••.

2.4. The quartet model

There are a fourth class of genes, the class E genes
which are the four SEPALLATA genes (SEP1-4). These
genes have redundant activities and are necessary for
ABC  genes  activity  and  organ  formation.  The

transcription  factors  AP1,  AP3,  PI,  AG and SEP are
MADS domain proteins. They can form dimers to bind
to their CArG (CC(A/T)6GG) box DNA target sequence.
Four  tetramers  are  present  in  the  four  whorls,  they
predict  organ  identity:  AP1/SEP/AP1/SEP  specify
sepals,  AP1/SEP/AP3/PI  petals,  AG/SEP/AP3/PI
stamens  and  AG/SEP/AG/SEPcarpels.  The  model  of
these tetramers formation is called ’the quartet model’
(Figure 1.3). These quartets are formed thanks to DNA
looping and the presence of SEP proteins, which help
to form tetramers [20, 21, 22]••. The SEP1 and 2 genes
are expressed everywhere while SEP3 is expressed in
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Figure 2: Pattern expression of the genes involves in the establishment of the ABC system at the earliest stages of
flower development : Based on published gene expression data (obtained by proteins expression observations) [8, 24, 25,
26], this figure show the expression of class A (AP1, AP2 ), class B (AP3, PI), class C (AG), class E (SEP1-4) genes as well as
non-ABC genes (LFY, UFO, FUL, LUG and AGL24) at stages 1, 2, 3 and 6 of the flower development. The chosen non-ABC
genes play a key role in formation of the ABC pattern, which stabilizes at stage 6. Stage 1 and 2 show the bump formation. At
stage 3, future sepal appears. Sepal (se), petal (pe), stamen (st) and carpel (ca) are indicated at stage 6 can be observed.



4 / 10 Mathematical modelling of flower morphogenesis. S. Collaudin.

the three inner whorls and SEP4 in the first (Figure 2).
sep triple mutant is needed to see loss of function in
the flower [23].

3. Regulation of ABC genes
The ABCE system explains well the apparition of the

different  organs of  the flower,  but  is not  sufficient  to
explain  the  establishment  of  the  pattern.  Some
transcription factors are important in establishment, in
floral  identity,  in  earlier  stages  of  development  or  in
stop growth determination.

UNUSUAL FLORAL ORGANS (UFO) is one of them.
It  is  required  for  the  proper  identity  of  the  floral
meristem. It acts very similar to LFY, and controls cell
proliferation during organ growth. In the first stages of
development,  UFO  regulates  positively  AP3
expression.  It  seems  that  UFO  degrades  proteins
which repress AP3 [27]. Recent studies show that this
F-box  protein  acts  with  LFY as  a  transcriptional  co-
factor to activate AP3 expression [28]••. It is observed
that UFO expression prevents AP3 expression. Indeed,
UFO is present everywhere in stage 2, then it reduces
its expression in the whorls 2 and 3 to progressively be
concentrated in the second whorl at stage 6 [29].

Another pathway which regulates the ABCE pattern
has  LEUNIG (LUG)  for  principal  gene.  LUG  in
association  with  SEUSS  (SEU)  regulates AG
expression [18] and also the class B genes during the
two first  stages of  flower  development.  These genes
need  the  expression  of  other  transcription  factors.
AGAMOUS-LIKE  24  (AGL24)  promotes  the  floral
meristem identity  and SHORT VEGETATIVE PHASE
(SVP)  represses  floral  meristem  identity.  These  two
genes are also expressed in the early stages of flower
development  (Figure  2).  They are repressed by AP1
and LFY. AGL24 and SVP form dimers with AP1 (AP1-
AGL24 and AP1-SVP),  which interact  with LUG-SEU
dimers to repress the B and C classes genes [30•].

4. Modelling of pattern formation in 
the flower

Like  we  have  seen  in  previous  sections,  flower
development  involves  the  expression  of  a  certain
genes  and  protein  interactions.  Finally,  different
patterns  that  depend  on  these  interactions  are
obtained. To understand the existence, the stability and
the establishment of  this special pattern,  mathematic
models and numerical simulations are necessary. Few
proposed  model  are  based  on  observations  of  the
different  gene interactions mainly obtained by mRNA
expression  patterns  under  wild  type  and  mutant
background  that  allow  the  understanding  of  related
pathways.  With  confocal  microscopy  and  the  use of
computational  models,  it  is  possible  to  simulate  the
meristem development by cell identification and then to
model  interactions  between  proteins  and  gene
expression.  Recent  studies  show,  for  example,  how
meristem  properties  are  maintained  due  to  the
expression of  WUSCHEL (WUS),  CLAVATA 3 (CLV3)
and auxin which maintain the stem cells in the center of

the  meristem [31].  The  use of  deterministic  ordinary
differential  equations  (ODEs)  to  model  different
interactions, adapted in the description of the meristem
geometry let to a better understanding of the system
behind WUS expression [32].

4.1. Genetic Regulatory Networks

After  the  observation  of  the  complexity  of  certain
genetic  pathways,  Kauffman  introduces  in  1969  a
model of Genetic Regulatory Network (GRN) by logical
considerations  [33].  This  method  is  well  studied  by
Aldana [34]. We start with a Boolean net of N elements
{σ1,σ2,  ...,σN},  each of them is a binary variable  σi ∈
{0,1}, i  =  1,2,  ...,N that  corresponds to  the  N genes
expression  of  our  system.  σi =  1  if  the  ith gene  is
expressed and σi = 0 if it is not. At fixed time, each of
these elements is given by a function of other elements
depending on interactions between the different genes.
Then the value of σi at time t + 1 is given by the value
of  its  Ki  controlling  elements  σj1(i)(t),  
σj2(i)(t), . . . , σjKi

(i)(t) at time t :

where fi is a Boolean function associated with the ith

element  that  depends  on  its  controlling  elements.  fi

functions can be fixed during all the iterations. In that
case the function is  given by a table  of  interactions.
Nevertheless,  these functions can change during the
dynamic of the system. After a few iterations with some
given initial conditions, fixed points or fixed orbits that
are generally called attractors can be obtained. These
different  attractors  can  be  compared  by  their
differences  (we  can  measure  these  differences  for
example using the Hamming distance) to understand
the possible transitions between the different attractors.
The evolution of these differences allows to know if the
system is chaotic (without stable attractors) or stable.

Generally,  interactions  between  proteins  are  well
known  in  the  system,  but  the  stoichiometry  of  the
different  reactions  stays  unknown.  It  is  the  principal
reason of the use of discrete models, such as Boolean
models.  Nevertheless,  Mendoza,  [35]••,  proposed  a
standardized  methodology  that  renders  a  dynamic
model  of  regulatory  networks,  where interactions are
known  but  not  necessary  the  biochemical  reactions.
The method starts with a discrete model governed by
logical rules as in preceding studies. Then, the steady
states of this discrete dynamical system can be easily
obtained. At the same time, the network is converted
into a continuous system given in the form of ordinary
differential equations:

The  equation  describes  the  rate  of  change  of  the
protein  xi concentration.  The  dynamic  involves
activation/inhibitory  effects  of  regulators  ωi and  the
degradation of the protein given at the  γi. This model
uses  the  sigmoid  function h that  usually  represent
protein concentration. The study of the ODEs system
uses the steady states of the discrete system. Then we
can study the stability and the robustness of the steady
states and obtained, thanks to variations, other steady
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states.  The  combination  of  the  two  discrete  and
continuous systems allows a better  understanding of
the regulatory network.

These theoretical  approaches are  applied to  many
biological  systems,  Belleza,  [36],  applies  the  GRN
model to four  biological  systems, one of them is the
flower pattering in Arabidopsis. The application of such
methods  shows  that  the  model  should  be  robust  to
have stable attractors, but it also should be flexible to
allow the creation of  different  attractors  (think of  the
four  whorls  of  the flower).  Modelling needs to find a
balance between order and chaos. It is the critical area
studied  by  Aldana  [34].  This  convergence  near  the
critical area can be explained by the evolution of the
system near a robust and stable system that can be
easily conserved between species. [37]

4.2. Applications of GRN computing 
methods on the flower patterning

These  theoretical  approaches  can  be  applied  to
study  of  the  establishment  of  the  ABC  system.
Summarizing the different interactions seen in the first
part with some additional genes, the existence of the
ABC  system  can  be  explained.  A  first  approach
consists  of  the  study  of  a  binary  system  of  eleven
genes (the ABC genes AP1,  AP3,  PI,  AG and other
transcription  factors  of  the  identity  of  the  floral
meristem and the activation or repression of the ABC
genes:  LFY,  EMBRYONIC  FLOWER  1  (EMF1),
TERMINAL  FLOWER  1  (TFL1),  CAULIFLOWER
(CAL),  LUG,  UFO  and  SUPERMAN  (SUP))  with
comparisons  between  the  power  of  the  different
interactions. After the creation of a table of interactions

and  iterations  of  the  model,  the  system renders  six
attractors, four of them correspond to the four whorls of
the flower, while one corresponds to the non-floral cells
and the sixth is naturally non-existent but can be easily
induced  by  mutant  experiments  [38].  These  six
attractors can also be deduced from a reduced system
of  ten  genes  without  CAL with  three  levels  of
expression  0,  s  and  1.  This  system  explains  that
certain genes have less importances in the existence
of the four flower attractors. EMF1 is a floral repressor
gene only expressed in non-floral attractors, and UFO,
LUG  and  SUP  regulate  the  fine  spatial  expression
patterns of organ identity genes, so they only play a
role  in the activation of  genes like  AP3, PI  and AG.
Thus,  only  TFL1,  LFY,  AP1,  AG,  AP3 and  PI are
sufficient  to  understand  the  existence  of  the  four
attractors [39].

More  recent  analysis  of  the  fifteen  genes  system
explains  the  robustness  of  the  four  attractors.  This
system depicted in Figure  3 with three levels of gene
expression is used to explain the different patterns of
mutants  like  ap2,  lug,  ap3...  or  35S::AG  transgenic
lines.  The  interactions  of  the  different  mutants  are
resumed  in  tables  and  analysis  of  the  logical  rules
gives  patterns  observed  in  experiments  [15]••.  This
system is the first that really explains the ABC system.
Chaos has used again the same GRN but with only two
levels of expression. He has obtained with this system
the same attractors than the three levels system with a
quantitatively  identical  manner  of  perturbations
responses.  This  shows  that  Boolean  system  are
sufficient to explain the existence of four attractors. He
has also shown that the system has a good robustness
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Figure 3: Floral organ specification gene regulatory network (reproduced from [42••]) based mainly on mRNA expression
patterns.  This GRN is updated from Espinosa-Soto [15]••.  It  controls the early differentiation of  inflorescences and floral
organs in Arabidopsis thaliana. Positive and negative regulatory interactions are represented by continuous and discontinuous
arrows respectively.
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[40].

This  system of  fifteen genes renders  in  reality  ten
different  attractors,  four  are  present  in  the
inflorescence  meristem,  the  six  other  in  the  floral
meristem  with  two  attractors  for  petals  and  two  for
stamens formation within or without the expression of
UFO. These results are obtained using Markov chains.
The four first attractors are very similar, and further to
the  six  other  attractors.  It  shows  the  importance  of
floral identity genes. In addition to the discrete study,
another consists to use the Glass model.  The Glass
model  adds  stochastic  perturbations  to  the  boolean
GRN model.  The model fixes a probability η that the
result  is  the  contrary  of  the  deterministic  prediction.
This  probability  can  be  between  0.5  and  10%.  We
obtain similar equation than in equations (1) and (2):

This system yields qualitatively similar results as the
Boolean  system  but  not  quantitatively  identical.  The
simulation  of  temporal  transitions  among  attractors
mimics the sequence of the apparition of A, B and C
genes expressions. In fact, the continuous model with
perturbations gives at first the apparition of the pattern
configuration  associated  of  sepals,  then  of  petals,
stamens  and  finally  carpels.  This  order  corresponds
perfectly  to  the succession of  the  four  whorls  in  the
flower. A map of the transition gave by Alvarez-Buylla
[41]• explains  geometrically  transitions  between  the
different attractors.

The  updated  system  (Figure  3)  gives  the  same
attractors than previously, this confirms the robustness
of  the  system.  With  a  new continuous  system,  it  is
possible to obtain new steady states that can explain
transitional  phases  during  the  flower  pattern
establishment. This continuous system is quite similar
to those of Mendoza [35]••, but with different specific
logical  rules.  Then,  they  obtain,  with  coupled ODEs,
fourteen  new  transitional  steady  states  that  can  be
present during the establishment of the pattern [42]••.

4.3. Simplified models

The different models present in the previous section
allow to  understand the existence of  different  steady
states found in the four different whorls and few steps
to  lead  to  these  steady  states.  Nevertheless,  these
models do not explain the organization of these steady
states into four concentric circles. Barrio has proposed
recently  a  spatio-temporal  model  [43]•.  He  has
simplified  the  floral  meristem  to  have  a  spherical
shape,  which  kep  constant  during  simulations.  To
understand  the  spatio-temporal  establishment,  two
aspects are necessary. First, a physical field is required
to  break  the  symmetry  of  the  spatial  domain  into
different  regions  where  the  transcription  factors  can
interact together. A phase-field model can be used to
include  this  physical  property.  This  field  is  an
abstraction with  no underlying  biological  mechanism.
Second, a simple GRN, that is sufficient to explain the
establishment of the different whorls, is associated to
the  phase-field  model.  Barrio  has  introduced  two

parameters:  a  ’phase-field’  Φ and  the  ’spontaneous
curvature-like’  u  that  follow  differential  equations.
These  equations are  coupled  with  a  simple  GRN of
four genes: AP1, AP3, AG and WUS with the classical
rules  detailed  in  previous  sections.  Numerical
simulations  confirms  the  possibility  of  obtaining  four
whorls  and  then  the  system  is  robust  to  parameter
variations. This model is also able to mimic patterns of
several mutants.

The  last  model  proposed  to  explain  the
establishment of the four whorls pattern was proposed
by Ming [44].  This model starts with a GRN of three
transcription factors (A, B and C) with auto-regulation
of A and C and antagonism of these two transcription
factors. B expression is activated in presence of A and
C  and  auxin  activates  A and  C  expression.  These
transcription  factors  are  modelled  by  three  ordinary
differential equations based on a function f of activation
probability  of  the  transcription of  the  gene  X by  the
protein Y :

where  θX
m are the concentration of  Y at which f = 1/2

and m is the number of Y binding sites. If Y represses
X, then we use 1 − f(Y). The fourth ODE explains the
transport of auxin by PIN FORMED1 (PIN1) one of the
auxin efflux facilitators. These equations are integrated
in a system that counts for the cell division. Then, with
simulations, the model is able to capture aspects of the
wild-type  pattern  described  in  previous  sections.
However this system stays inconsistent, possibly due
to the small number of transcription factors considered
[44].

These  different  models  use  some  interactions
between  proteins  to  predict  how  proteins  production
will  evovle  in  the  cell.  Nevertheless  cell-cell
communication by diffusion or transport are generally
omitted. Actually, few studies explain the importance of
diffusion in plant models, for example by using diffusion
in the GRN system [45]. The existence of a gradient of
protein  concentrations  can  also  be  obtained  without
diffusion equations, as it was shown in a growing tissue
by Chisholm [46].

5. Conclusion
The  flower  development  is  a  complex  system  of

protein  reactions that  lead  to  the  establishment  of  a
four whorls pattern. There are many different proteins
that  play  a  role  in  this  establishment.  They  interact
together  through  activation  or  inhibition  pathways.
These interactions are well known now. With the use of
mathematical  modelling,  it  may  be  possible  to
determine which proteins play  the key  role  in flower
development.  Most  of  the  models  can  explain  the
existence  and  the  robustness  of  the  system,  some
even the possible establishment of whorls but actually
none of them explains the early first stages that result
in the ABC system creation. It is an important field of
research  that  needs  further  exploration.  This  special
system of  concentric  circles  is  also  present  in  other
living  organisms  like  for  example  in  the  leg  of  the
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Box 1 : Flower development:

Figure:  Resumed figure  about  the  flower  development: 1.  Observations  of  the  flower  from Irish  [47],  2.  Mutant
observations from Krizeck [24], 3. Genetic regulatory network from Alvare-Buylla [41]•, 5. Simulation from Barrio [43]•.



8 / 10 Mathematical modelling of flower morphogenesis. S. Collaudin.

Drosophila [48], which in early phases of development
exhibits  various  whorls.  Will  models  of  flower
development be applicable to Drosophila ?
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