ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Plant Biology

A flower is born: an update on Arabidopsis floral

meristem formation

mam,

Grégoire Denay ', Hicham Chahtane®, Gabrielle Tichtinsky' and (B s

Francois Parcy’

In Arabidopsis, floral meristems appear on the flanks of the
inflorescence meristem. Their stereotypic development,
ultimately producing the four whorls of floral organs, is
essentially controlled by a network coordinating growth and
cell-fate determination. This network integrates hormonal
signals, transcriptional regulators, and mechanical constraints.
Mechanisms regulating floral meristem formation have been
studied at many different scales, from protein structure to
tissue modeling. In this paper, we review recent findings related
to the emergence of the floral meristem and floral fate
determination and examine how this field has been impacted
by recent technological developments.
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Introduction

Since the first genes controlling flower development in
Arabidopsis and snapdragon were cloned, enormous prog-
ress has been accomplished and regularly reviewed [1,2].
For this review, we chose to focus on the early stages of
floral meristem (FM) development in Arabidopsis,
highlighting recent advances in the field. We also exam-
ine how new technologies and methods have improved
our understanding of floral development.

Emergence of floral primordia

In Arabidopsis, the emergence of flowers on the flanks of
the shoot apical meristem (SAM) follows a precise pattern
(Figure 1). The reason for this positioning of flower pri-
mordia (phyllotaxis) can largely be explained by a localized
accumulation of auxin due to its polarized transport in the

LL1 layer through the PIN-FORMED1 (PIN1) efflux car-
rier [3]. This transient auxin peak releases the AUXIN
RESPONSE FACTOR5/MONOPTEROS (ARF5/MP)
from Aux/IAA repression [4], which is essential for FM
emergence as attested by the pin-shaped inflorescence of
the mp-8319 mutant [5] (Figure 2). The MP protein acts at
several levels: it first upregulates the MACCHI-BOU 4
(MAB4) family genes that control PIN basipetal relocaliza-
tion [6]; it also induces ARABIDOPSIS HISTIDINE
PHOSPHOTRANSFER PROTEIN6 (AHPG6), a negative
regulator of cytokinin (CK) signaling. AHP6 diffuses to
neighboring initium positions where it inhibits meristem
initiation, thus reinforcing the auxin phyllotactic pattern
[7°,8]. Finally, MP directly induces the expression of the
FM identity gene, LEAFY (LLFY) [5], which acts in concert
with AINTEGUMENTA (ANT), AINTEGUMENTA-LIKEG6
(AIL6) and FILAMENTOUS FIL.OWER (FIL) in this pro-
cess [5,9°°]. Feedback and feed-forward loops come into
action as AN'T and AILG6 both induce LFY, while LFY in
turn reinforces auxin transport [10-12]. LFY also activates
REGUILATOR OF AXILIARY MERISTEMS1 (RAX] —a
Myb-like transcription factor (TF)), which, as its name
suggests, regulates meristem formation ([13] and refer-
ences therein) but also cytokinin signaling through inhibi-
tion of ARABIDOPSIS RESPONSE REGULATOR7
(ARR?7) [13].

At the molecular level, MP was shown to recruit the SWI/
SNF ATPases SPLAYED (SYD) and BRAHMA (BRM)
to target loci where they increase chromatin accessibility
[9°°]. Interestingly, constitutive expression of a fusion
protein composed of the MP DNA-binding domain and
BUSHI (a member of the SWI/SNF ATPase complex
that should allow the recruitment of SYD and BRM) is
sufficient to restore a wild-type inflorescence architecture
in mp mutants. The fusion protein is constitutively
expressed and lacks the PB1 domain mediating Aux/
IAA repression, therefore this result suggests the exis-
tence of an additional pathway which can pattern the
SAM to determine the site of floral emergence [9°°]. This
pathway has, as yet, remained elusive, and no other
information on the components involved is available.

After reaching its peak level, auxin is channeled away
from the primordium. This is achieved by PIN1 reloca-
lization to the internal pole of the cell combined with the
local action of auxin-influx carriers. This combination
effectively creates an auxin sink in the inner tissues that
contributes to vascularization and phyllotaxis [6,14].
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Schematic representation of flower development in Arabidopsis. The floral bud emerges on the flanks of the shoot apical meristem (stage 0). Bud

outgrowth during stages 1-3 allows a meristem-organizing center to be established at stage 2. During these early stages floral identity is acquired,
leading to definition of the floral organ whorls, starting with sepal outgrowth at stage 3. The meristem-organizing center finally disappears at stage
6, once all floral organs have been initiated and the pedicel has begun to expand. Hours indicate approximately the age of the flower at the end of

a given stage as defined in Ref. [63].
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Genetic network involved in floral meristem formation. In the nascent floral bud, the size of the primordium and the presence of a cytokinin-induced
signal combine to control the emergence of a stem-cell niche. This process is largely initiated by the auxin response factor, MP, which is activated
in response to a local auxin maximum after the release of Aux/IAA inhibition. Induction of MAB4 triggers relocalization of the PIN1 auxin efflux carrier
to channel auxin away from the primordium. By inducing ANT and AIL6, MP stimulates the cell cycle and cell wall softening to allow meristem
growth. Plasticity is reinforced by the effect of auxin on cell wall stiffness and isotropy. Cytokinin biosynthesis is triggered by LOG genes, and
probably by the action of MP through LFY and RAX1. MP and LFY also stimulate cytokinin signaling by inhibiting ARR7/15. Finally, MP induces
AHP6 which diffuses from the primordium to inhibit cytokinin signaling in surrounding areas, and thus control the emergence of new primordia.

Floral bud outgrowth

Once its position has been established, the floral meri-
stem enters its growth phase. This involves the ANT and
AILG6 [15,16] proteins, cell cycle regulators which also
control pectin dimethyl-esterification of SAM cell walls

[16], a process which is thought to facilitate organ out-
growth [17]. Cell-wall-forming enzymes play a specific
role in floral outgrowth, as indicated by their localized
expression patterns in the inflorescence [18]. Moreover, it
has also been shown that auxin can alter tissue plasticity
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through its effect on microtubule reorganization and
dynamics, controlling both the stiffness and isotropy of
cell walls [19°].

CK establishes FM meristematic competence
After an initial growth stage, the FM acquires meriste-
matic features (Figure 2). Around stage 2, activation of the
CK signaling reporter pT'CS [20] is closely followed by
the expression of WUSCHEL (WUS) and CLAVATA3
(CLV3) which mark the establishment of an organizing
center and a stem cell niche, respectively. Inter-regula-
tions of WUS and CLV3, CK and its receptors, and a
hypothetical diffusible signal from the L1, have been
integrated in a model recapitulating gene expression and
stem cell organization in the SAM in various conditions
[21,22°°]. Remarkably, this model can also explain how
WUS and CLV3 expression are triggered in the early
flower, as soon as the primordium has attained a size
threshold [22°°]. The central role played by CK in this
process is illustrated by a flurry of recent results: (i) MP
represses the negative regulators of the CK response,
ARR7 and 75 [23], while LFY represses ARR7 [13],
thereby locally increasing the CK response in FMs. In
support of this, ARR7/15 inhibition by amiRNA was also
shown to compensate for the loss of primordia initiation in
mp mutants [23]. (ii)) RAX1 may also act on CK levels in
the SAM as overexpression of a CK biosynthesis enzyme
can compensate for loss of axillary meristems in 7ax/
mutants [24]. (ii1)) As described in the SAM network
model mentioned above, cytokinin biosynthesis is
thought to occur mainly in the L1, as suggested by the
expression of the LONELY GUY4 and 7 (I.OG4/7) repor-
ters [22°°]. Although few data are available regarding their
involvement in flower formation and their regulation,
LOG?7 is specifically expressed in FM, while LOG4 is
found throughout the inflorescence, strongly hinting at
a role in primordia development [22°°]. In addition to the
CK receptor AHK4 [21,22°°25], the HECATE family
(bHLLH TFs) [26] and REVOLUTA (a HD-ZIPIII TF)
[27,28] were also shown to stimulate meristem activity
and are expressed in young flower primordia.

Floral fate acquisition

Acquisition of the floral fate is determined by a
gene regulatory network (Figure 3) based on the central
players LEAFY, the MADS-domain TF APETALA1
(AP1), CAULIFLOWER (CAL), AGAMOUS-LIKE 24
(AGL24), and SHORT VEGETATIVE PHASE (SVP).
Other MADS-domain TFs — SUPPRESSOR OF OVER-
EXPRESSION OF CONSTANS 1 (SOC1), FRUIT-
FULL (FUL), and XAANTALZ2/AGL14 (XAL2)—
might be involved or at least can compensate for
AGL24 and SVP function in various mutant backgrounds
[29,30]. AP1 and LFY positively regulate each other and
share partially overlapping functions. Genome-wide anal-
yses revealed that these TFs act as activators and repres-
sors [31-33]. AP1 for example activates LFY but represses
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a myriad of other genes expressed in the SAM and in early
floral stages [32]. The analysis of common AP1 and LFY
targets identified multiple genes (including EUI-LIKE
P450 A1 (ELAI), genes involved in peptide signaling,
nitrate transport, UV-B signaling and carbohydrate homeo-
stasis) paving the way for future functional analysis [31,34].
Several gene network models describe the regulatory
relationships and predict steady states corresponding to
organ-identity gene expression in all four floral whorls
[30,35,36]. The mechanistic basis for whorl-specific acti-
vation of ABC floral organ homeotic genes through the
combined actions of 'T'F and their cofactors remains un-
clear and this field has progressed relatively slowly. Recent
data suggest that ubiquitination could be involved as SVP
upregulates the WDR55 DCAP gene, which is involved in
restricting the expression pattern of AG and potentially
targets proteins for ubiquitination [37].

Repression of the inflorescence identity gene TERMI-
NAL FLOWERI (TFL1) is also essential for proper floral
development [38] (Figure 3). This repression involves
LFY, AP1, CAL, SVP, a variety of remote regulatory
elements in the 3’ region of TFLI and DNA looping
[38,39]. LFY was initially thought to directly repress
TFL1, a hypothesis supported by ChIP-Seq assays show-
ing LFY binding to the 3’ region of TFL1, mediated by
the LFY oligomerization domain [31,40°] (Figure 4).
However, when analyzing raw data from Ref. [31], we
realized that LFY-GR appears to induce TFL 1 expression
in seedlings and it was recently found that deletion of a
region encompassing the LFY binding sites resulted in
reduced TFLI expression in the stem [39]. Thus, LFY
could actually be a direct activator of TFLI in the stem,
and its repressive capacity in the flower might be indirect,
through activation of AP/ and CAL. AP1 also suppresses
another inflorescence trait, the production of axillary buds
which grow in the axil of first-whorl organs in p/ mutants.
To achieve this inhibition, AP1 represses LOGI, a gene
encoding a CK biosynthetic enzyme, and induces the
expression of the CYTOKININ OXIDASE/DEHY-
DROGENASE3 CK catabolic enzyme [41]. The resul-
tant reduction in CK levels prevents the sepal axil from
acquiring meristematic competence [41].

It is interesting to note that meristem emergence and
floral fate acquisition may be coupled by the continuous
action of LFY, acting in these two processes throughout
flower development.

Impact of novel technologies on our
understanding of flower development

Floral development will only be understood once it can
be fully modeled. The formation of flowers is a robust
process, indicating that founder-cells interpret informa-
tion they possess (genome and other molecules inherited
from cell division) as well as external cues (such as
hormonal cues or mechanical constraints imposed by their
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Genetic network involved in floral identity. Inflorescence and floral
identity are mutually exclusive statuses in the nascent meristem. In the
young floral meristem, expression of LFY induces the AP7 and
indirectly CAL MADS-box genes. These three genes work together
with other MADS-box genes, SVP and AGL24, to specify the floral
identity. A feed-forward regulatory loop between LFY and AP1
stabilizes the floral identity. At this stage, the inflorescence identity
gene, TFL1, is repressed — mostly by AP1 and other MADS-domain
TFs. As discussed in the text, repression of TFL71 by LFY might be
only indirect through activation of AP1 and LFY might be a direct
activator of TFL1 in the inflorescence stem. AP1 also inhibits cytokinin
biosynthesis through its effect on the LOG genes, thus preventing
meristem formation at the sepal axil.

neighbors) to determine their development. However, for
us it is extremely difficult to understand the rules that
these cells so easily follow every time a flower is formed.

Over the last 30 years, genetics has extremely efficiently
identified a number of regulators affecting floral develop-
ment in a fairly specific way [1,2]. Here, we will analyze
how the advent of new technological developments has
generated new information which should help us to
understand and model this process at multiple levels:
atomic, genomic, cellular, and organ.

Structural advances

Although the technique is far from new, protein crystal-
lography has recently been applied to several key floral
regulators such as MP, LFY, and SEPALLATAS3 (SEP3)
MADS-domain TF [40°,42-44] (Figure 4). Beyond the
satisfaction of obtaining a picture of these important
proteins, the results obtained offer the possibility to
understand how the atomic features of major proteins
(for example elements mediating DNA binding, dimer-
ization, tetramerization or oligo-merization) contribute to
their functions. In contrast to genetics, structural data

make targeted modifications of protein properties possi-
ble in the search to unravel new functions, as in the case of
LFY [13,40°]. Structural advances also revealed unex-
pected similarities in the overall organization of LFY,
ARF and MADS-domain TFs (Figure 4): they all harbor a
dimeric face-to-face DNA-binding domain associated
with a higher-order oligomerization domain. The shared
organization of these 3 TFs, which form an activation
cascade, might confer them common functional proper-
ties (such as the capacity to loop DNA, to bind closed
chromatin, or to interact with chromatin remodelers SYD
and BRM). These properties could never have been
inferred from their primary amino-acid sequences
[9°°,40°,42,44,45].

Impact of genome-wide techniques

When applied to floral development, Next-Generation
Sequencing (NGS) based genome-wide studies (describ-
ing gene expression, T'F binding, chromatin compaction,
histone marks, nucleosome positioning or 3D genome
architecture) hold great promise as they can be used to
infer general rules, thus extending beyond the bounds of
individual case-studies. These types of study also repre-
sent important data collections that can easily be reused
by the broader community. Genome browsers can be
utilized as ‘NGS microscopes’ to help generate hypothe-
ses for genome-wide testing. The diversity of the floral
cell types present in the inflorescence is a clear hindrance
to genome-wide studies, but several technical advances
have made it possible to sort tissues or cells [46,47], even
if more specific promoters are needed to dissect floral
meristems over both space and time.

In some cases, large-scale studies identified new actors
(such as with AHP6 or ELLA1) which could then be
investigated by classical genetics techniques [7,34]. In
others, they highlighted novel or understudied features:
genes involved in pathogen defense are overrepresented
in the genes expressed in the epidermis [46]; this group of
genes is shut off by LFY and ANT/AILG6 [16,31]; expres-
sion of cell cycle genes displays a burst during the floral
transition [48]. One of the most fascinating questions that
can be addressed through genome-wide analysis is the
target-specificity of MADS-domain TF complexes. This
specificity was elegantly analyzed for SVP and FUL, and
their roles in regulating common or specific target genes
was identified [49]. However, for organ-identity MADS-
domain TF tetramers, ChIP-Seq data suggest that they
bind to similar genomic regions ([1] and references there-
in), indicating that their specific capacity to trigger sepa-
rate developmental programs lies in elusive-sequence
specific — co-regulators that have yet to be identified.
Exhaustive proteomics-based studies of protein interac-
tions might help to identify these co-regulators [45,50].

A fertile area that will certainly be more exploited in the
future is the comparison of various types of genome-wide

Current Opinion in Plant Biology 2017, 35:15-22
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Figure 4
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Structural models of complexes between transcription factors and DNA. (a) MONOPTEROS (MP) model based on the complex between ARF1 and
DNA (pdb 4LDX) and the MP PB1 oligomerization domain (4CHK). (b) LFY model based on the complex between LFY, DNA (2VY1) and the GbLFY
SAM oligomerization domain (4UDE). (c) MADS-domain TF model involving the MEF2 (1TQE) DBD and the SEP3 tetramerization domain (40XO0).
Arbitrarily-shaped linkers (narrow lines) have been added between domains for which the structures are known. The C-terminal domain of MADS-
domain TFs is not represented. The insets aim at showing the similarity between the three proteins that share a face-to-face dimeric DNA-binding
domain and another domain that allows higher-order complex formation (oligomer for LFY and MP and tetramer for MADS-domain TF) with the

potential to form DNA loops.

data. Two such analyses, from very different angles,
proposed that LFY and the MADS-domain TFs AP1
and SEP3 could act as pioncer TFs with the capacity
to bind closed chromatin regions allowing the subsequent
recruitment of other TFs [40°,51,52°]. This attractive
hypothesis remains to be confirmed, but is consistent
with earlier reports showing that some floral genes are
controlled by Polycomb Group proteins repression and
that their activation require chromatin remodelers such as
SYD and BRM [53]. The cross-talk between transcrip-
tional and chromatin regulation appears particularly
prominent during the early stages of flower development
[45,54,55].

Modeling regulatory networks

Built with information relating to key regulators and their
relationships, models of gene regulatory networks (GRN)
can be used to understand whether known relationships
explain gene expression patterns or morphogenesis, or if
additional actors or connections need to be identified.
Models are becoming increasingly complex [22°°,30,36],
but there is still a gap between what can be modeled and
the wealth of information available from genome-wide
studies. Gene expression cannot yet be modeled based
only on genome sequences plus some information about
chromatin, but predictive tools are improving, in particu-
lar with regard to the location of TF binding sites [56,57].
A major challenge is to understand when TF binding
leads to gene regulation. New CRISPR-Cas9 tools which
can directly modify regulatory elements at their genomic
locations [58] will provide a novel means to test GRN

models and better understand complex gene regulation
such as the control of TFLI’s expression [39].

Ultimately, GRN will have to be integrated into cellular
models such as those modeling growth and integrating
mechanical constraints [59-61]. Novel techniques such as
Atomic Force Microscopy or Fluorescence emission-Bril-
louin imaging are also being developed or adapted to
provide access to the mechanical properties of living cells
within developing tissues [62].

Conclusion

Over the last 30 years, genetic approaches have identi-
fied the main regulators of FM development. We must
now build multi-scale models that integrate other types
of information such as tissue mechanics, morphology,
hormone transport and signaling. Although they may
remain incomplete, these models will play an essential
role in the search to identify missing elements, incon-
sistencies or network behavior that cannot be simply
apprehended. While data on gene expression, cell
growth and mechanics will soon coexist in individual
models, in the future we hope they can be included in
multi-scale models bridging atomic and genomic reso-
lutions.

Acknowledgements

Work in our laboratory is supported by the French National Agency for
Research (ANR Blanc-SVSE2-2011-Charmful; GRAL, ANR-10-LABX-49-
01 and ANR-12-BSV6-0005-Auxiflo). We thank G. Vachon for comments on
the manuscript. We apologize to our colleagues whose work could not be
cited due to space limitations.

www.sciencedirect.com

Current Opinion in Plant Biology 2017, 35:15-22



20 Growth and development

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Stewart D, Graciet E, Wellmer F: Molecular and regulatory
mechanisms controlling floral organ development. FEBS J
2016, 283:1823-1830.

2. Pajoro A, Biewers S, Dougali E, Leal Valentim F, Mendes MA,
Porri A, Coupland G, Van de Peer Y, van Dijk AD, Colombo L et al.:
The (r)evolution of gene regulatory networks controlling
Arabidopsis plant reproduction: a two-decade history. J Exp
Bot 2014, 65:4731-4745.

3. Sassi M, Vernoux T: Auxin and self-organization at the shoot
apical meristem. J Exp Bot 2013, 64:2579-2592.

4. Pierre-Jerome E, Moss BL, Nemhauser JL: Tuning the auxin
transcriptional response. J Exp Bot 2013, 64:2557-2563.

5. Yamaguchi N, Wu MF, Winter CM, Berns MC, Nole-Wilson S,
Yamaguchi A, Coupland G, Krizek BA, Wagner D: A molecular
framework for auxin-mediated initiation of flower primordia.
Dev Cell 2013, 24:271-282.

6. Furutani M, Nakano Y, Tasaka M: MAB4-induced auxin sink
generates local auxin gradients in Arabidopsis organ
formation. Proc Nat/ Acad Sci U S A 2014, 111:1198-12083.

7. Besnard F, Refahi Y, Morin V, Marteaux B, Brunoud G,

. Chambrier P, Rozier F, Mirabet V, Legrand J, Lainé S et al.:
Cytokinin signalling inhibitory fields provide robustness to
phyllotaxis. Nature 2014, 505:417-421.

AHP6 is a cytokinin signaling inhibitor activated by MONOPTEROS

downstream of auxin in floral meristems. AHP6 migrates to

surround newly formed primordia, creating inhibitory fields where CK
signaling is decreased to prevent the initiation of new floral primordia.

Together with data showing that MP activates CK signaling in devel-

oping primordia, this study reveals a dual role for MP in regulating

phyllotaxis.

8. Besnard F, Rozier F, Vernoux T: The AHP6 cytokinin signaling
inhibitor mediates an auxin-cytokinin crosstalk that regulates
the timing of organ initiation at the shoot apical meristem.
Plant Signal Behav 2014:9.

9.  Wu MF, Yamaguchi N, Xiao J, Bargmann B, Estelle M, Sang Y,

ee Wagner D: Auxin-regulated chromatin switch directs
acquisition of flower primordium founder fate. elife 2015,
4:09269.

This paper presents how MONOPTEROS can interpret auxin levels to

influence the chromatin status of its target genes. Thus, when auxin is

present, MP recruits the BRAHMA and SPLAYED SWI/SNF ATPases to

increase chromatin accessibility. In the absence of auxin, IAA corepres-

sors promote chromatin closure by recruiting TOPLESS. Through these

effects, auxin triggers a switch in the floral meristem that links transcrip-

tional and chromatin regulation.

10. Yamaguchi N, Wu MF, Winter CM, Wagner D: LEAFY and polar
auxin transport coordinately regulate Arabidopsis flower
development. Plants 2014, 3:251-265.

11. Yamaguchi N, Jeong CW, Nole-Wilson S, Krizek BA, Wagner D:
AINTEGUMENTA and AINTEGUMENTA-LIKE6/PLETHORA3
induce LEAFY expression in response to auxin to promote the
onset of flower formation in Arabidopsis. Plant Physiol 2016,
170:283-293.

12. Li W, Zhou Y, Liu X, Yu P, Cohen JD, Meyerowitz EM: LEAFY
controls auxin response pathways in floral primordium
formation. Sci Signal 2013, 6:ra23.

13. Chahtane H, Vachon G, Le Masson M, Thévenon E, Périgon S,
Mihajlovic N, Kalinina A, Michard R, Moyroud E, Monniaux M
et al.: A variant of LEAFY reveals its capacity to stimulate
meristem development by inducing RAX1. Plant J 2013,
74:678-689.

14. Kierzkowski D, Lenhard M, Smith R, Kuhlemeier C: Interaction
between meristem tissue layers controls phyllotaxis. Dev Cell
2013, 26:616-628.

15. Mudunkothge JS, Krizek BA: Three Arabidopsis AIL/PLT genes
act in combination to regulate shoot apical meristem function.
Plant J 2012, 71:108-121.

16. Krizek BA, Bequette CJ, Xu K, Blakley IC, Fu ZQ, Stratmann J,
Loraine AE: RNA-Seq links AINTEGUMENTA and
AINTEGUMENTA-LIKES to cell wall remodeling and plant
defense pathways in Arabidopsis. Plant Physiol 2016 http://
dx.doi.org/10.1104/pp.15.01625.

17. Peaucelle A, Braybrook SA, Le Guillou L, Bron E, Kuhlemeier C,
Hoéfte H: Pectin-induced changes in cell wall mechanics
underlie organ initiation in Arabidopsis. Curr Biol 2011,
21:1720-1726.

18. Yang W, Schuster C, Beahan CT, Charoensawan V, Peaucelle A,
Bacic A, Doblin MS, Wightman R, Meyerowitz EM: Regulation of
meristem morphogenesis by cell wall synthases in
Arabidopsis. Curr Biol 2016, 26:1404-1415.

19. Sassi M, Ali O, Boudon F, Cloarec G, Abad U, Cellier C, Chen X,
e  Gilles B, Milani P, Friml J et al.: An auxin-mediated shift toward

growth isotropy promotes organ formation at the shoot

meristem in Arabidopsis. Curr Biol 2014, 24:2335-2342.
Through modulation of KATANIN activity, auxin induces microtubule
severing, thus increasing microtubule isotropy at the site of axillary organ
initiation. Modeling shows that mild cell wall loosening combined with
increased isotropy triggers the outgrowth of a new organ. This study
provides insights into how auxin regulates organ outgrowth in parallel to
MP-controlled pathways.

20. Yoshida S, Mandel T, Kuhlemeier C: Stem cell activation by light
guides plant organogenesis. Genes Dev 2011, 25:1439-1450.

21. Adibi M, Yoshida S, Weijers D, Fleck C: Centering the organizing
center in the Arabidopsis thaliana shoot apical meristem by a
combination of cytokinin signaling and self-organization.
PLOS ONE 2016, 11:e0147830.

22. Gruel J, Landrein B, Tarr P, Schuster C, Refahi Y,

ee Sampathkumar A, Hamant O, Meyerowitz EM, Jonsson H: An
epidermis-driven mechanism positions and scales stem cell
niches in plants. Sci Adv 2016, 2:e1500989.

Recent data on the regulation of stem cell niche homeostasis are inte-

grated into a model that is robust across various conditions. This model

predicts that CK diffusion from the L1 and diffusible signals restricting CK

signaling to the center of the meristem are sufficient to control gene

expression. The model also predicts that meristem initiation in growing

flowers is unlocked by organ growth.

23. Zhao Z, Andersen SU, Ljung K, Dolezal K, Miotk A, Schultheiss SJ,
Lohmann JU: Hormonal control of the shoot stem-cell niche.
Nature 2010, 465:1089-1092.

24. Wang Y, Wang J, Shi B, Yu T, Qi J, Meyerowitz EM, Jiao Y: The
stem cell niche in leaf axils is established by auxin and
cytokinin in Arabidopsis. Plant Cell 2014, 26:2055-2067.

25. Chickarmane VS, Gordon SP, Tarr PT, Heisler MG,
Meyerowitz EM: Cytokinin signaling as a positional cue for
patterning the apical-basal axis of the growing Arabidopsis
shoot meristem. Proc Nat/ Acad Sci U S A 2012, 109:4002-4007.

26. Schuster C, Gaillochet C, Lohmann JU: Arabidopsis HECATE
genes function in phytohormone control during gynoecium
development. Development 2015, 142:3343-3350.

27. Shi B, Zhang C, Tian C, Wang J, Wang Q, Xu T, Xu Y, Ohno C,
Sablowski R, Heisler MG et al.: Two-step regulation of a
meristematic cell population acting in shoot branching in
Arabidopsis. PLoS Genet 2016, 12:e1006168.

28. Lee C, Clark SE: A WUSCHEL-independent stem cell
specification pathway is repressed by PHB, PHV and CNA in
Arabidopsis. PLOS ONE 2015, 10:e0126006.

29. Lee J, Lee I: Regulation and function of SOC1, a flowering
pathway integrator. J Exp Bot 2010, 61:2247-2254.

30. Pérez-Ruiz RV, Garcia-Ponce B, Marsch-Martinez N, Ugartechea-
Chirino Y, Villajuana-Bonequi M, de Folter S, Azpeitia E, Davila-
Velderrain J, Cruz-Sanchez D, Garay-Arroyo A et al.: XAANTAL2
(AGL14) is an important component of the complex gene
regulatory network that underlies Arabidopsis shoot apical
meristem transitions. Mol Plant 2015, 8:796-813.

Current Opinion in Plant Biology 2017, 35:15-22

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0320
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0320
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0320
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0325
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0325
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0325
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0325
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0325
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0330
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0330
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0335
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0335
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0340
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0340
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0340
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0340
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0345
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0345
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0345
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0350
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0350
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0350
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0350
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0355
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0355
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0355
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0355
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0360
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0360
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0360
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0360
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0365
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0365
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0365
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0370
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0370
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0370
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0370
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0370
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0375
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0375
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0375
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0380
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0380
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0380
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0380
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0380
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0385
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0385
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0385
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0390
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0390
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0390
http://dx.doi.org/10.1104/pp.15.01625
http://dx.doi.org/10.1104/pp.15.01625
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0400
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0400
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0400
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0400
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0405
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0405
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0405
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0405
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0410
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0410
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0410
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0410
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0415
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0415
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0420
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0420
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0420
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0420
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0425
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0425
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0425
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0425
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0430
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0430
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0430
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0435
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0435
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0435
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0440
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0440
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0440
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0440
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0445
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0445
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0445
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0450
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0450
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0450
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0450
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0455
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0455
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0455
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0460
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0460
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0465
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0465
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0465
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0465
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0465
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0465

31. Winter CM, Austin RS, Blanvillain-Baufumé S, Reback MA,
Monniaux M, Wu MF, Sang Y, Yamaguchi A, Yamaguchi N,
Parker JE et al.: LEAFY target genes reveal floral regulatory
logic, cis motifs, and a link to biotic stimulus response. Dev
Cell 2011, 20:430-443.

32. Kaufmann K, Wellmer F, Muifio JM, Ferrier T, Wuest SE, Kumar V,
Serrano-Mislata A, Maduefo F, Krajewski P, Meyerowitz EM et al.:
Orchestration of floral initiation by APETALA1. Science 2010,
328:85-89.

33. Moyroud E, Minguet EG, Ott F, Yant L, Posé D, Monniaux M,
Blanchet S, Bastien O, Thévenon E, Weigel D et al.: Prediction of
regulatory interactions from genome sequences using a
biophysical model for the Arabidopsis LEAFY transcription
factor. Plant Cell 2011, 23:1293-1306.

34. Winter CM, Yamaguchi N, Wu MF, Wagner D: Transcriptional
programs regulated by both LEAFY and APETALA1 at the time
of flower formation. Physiol Plant 2015, 155:55-73.

35. Van Mourik S, van Dijk AD, de Gee M, Immink RG, Kaufmann K,
Angenent GC, van Ham RC, Molenaar J: Continuous-time
modeling of cell fate determination in Arabidopsis flowers.
BMC Syst Biol 2010, 4:101.

36. Azpeitia E, Davila-Velderrain J, Villarreal C, Alvarez-Buylla ER:
Gene regulatory network models for floral organ
determination. Methods Mol Biol 2014, 1110:441-469.

37. Gregis V, Andrés F, Sessa A, Guerra RF, Simonini S, Mateos JL,
Torti S, Zambelli F, Prazzoli GM, Bjerkan KN et al.: Identification
of pathways directly regulated by SHORT VEGETATIVE PHASE
during vegetative and reproductive development in
Arabidopsis. Genome Biol 2013, 14:R56.

38. Baumann K, Venail J, Berbel A, Domenech MJ, Money T, Conti L,
Hanzawa Y, Madueno F, Bradley D: Changing the spatial pattern
of TFL1 expression reveals its key role in the shoot meristem in
controlling Arabidopsis flowering architecture. J Exp Bot 2015,
66:4769-4780.

39. Serrano-Mislata A, Fernandez-Nohales P, Doménech MJ,
Hanzawa Y, Bradley D, Maduefio F: Separate elements of the
TERMINAL FLOWER 1 cis-regulatory region integrate
pathways to control flowering time and shoot meristem
identity. Development 2016 http://dx.doi.org/10.1242/
dev.135269.

40. Sayou C, Nanao MH, Jamin M, Posé D, Thévenon E, Grégoire L,
e Tichtinsky G, Denay G, Ott F, Peirats Llobet M et al.: A SAM
oligomerization domain shapes the genomic binding
landscape of the LEAFY transcription factor. Nat Commun
2016, 7:11222.
Structural analysis revealed that LFY’s N-terminal conserved region
encodes a SAM oligomerization domain which is essential for LFY protein
function. Using biochemical and genome-wide approaches on an oligo-
merization-defective LFY variant showed that the SAM domain helps LFY
bind to genomic regions lacking high-affinity binding sites or closed
chromatin regions. This later result suggests the SAM oligomerization
domain may confer LFY TF pioneer properties.

41. HanY, Zhang C, Yang H, Jiao Y: Cytokinin pathway mediates
APETALA1 function in the establishment of determinate floral
meristems in Arabidopsis. Proc Nat/ Acad Sci U S A 2014,
111:6840-6845.

42. Boer DR, Freire-Rios A, van den Berg WA, Saaki T, Manfield IW,
Kepinski S, Lépez-Vidrieo |, Franco-Zorrilla JM, de Vries SC,
Solano R et al.: Structural basis for DNA binding specificity by
the auxin-dependent ARF transcription factors. Cell 2014,
156:577-589.

43. Nanao MH, Vinos-Poyo T, Brunoud G, Thévenon E, Mazzoleni M,
Mast D, Lainé S, Wang S, Hagen G, Li H et al.: Structural basis for
oligomerization of auxin transcriptional regulators. Nat
Commun 2014, 5:3617.

44. Puranik S, Acajjaoui S, Conn S, Costa L, Conn V, Vial A,
Marcellin R, Melzer R, Brown E, Hart D et al.: Structural basis for
the oligomerization of the MADS domain transcription factor
SEPALLATAS in Arabidopsis. Plant Cell 2014, 26:3603-3615.

45. Smaczniak C, Immink RG, Muifio JM, Blanvillain R, Busscher M,
Busscher-Lange J, Dinh QD, Liu S, Westphal AH, Boeren S et al.:
Characterization of MADS-domain transcription factor

46.

47.

48.

49.

50.

51.

52.

A flower is born Denay et al. 21

complexes in Arabidopsis flower development. Proc Nat/ Acad
Sci U S A 2012, 109:1560-1565.

Yadav RK, Tavakkoli M, Xie M, Girke T, Reddy GV: A high-
resolution gene expression map of the Arabidopsis
shoot meristem stem cell niche. Development 2014,
141:2735-2744.

Deal RB, Henikoff S: The INTACT method for cell type-specific
gene expression and chromatin profiling in Arabidopsis
thaliana. Nat Protoc 2011, 6:56-68.

Klepikova AV, Logacheva MD, Dmitriev SE, Penin AA: RNA-seq
analysis of an apical meristem time series reveals a critical
point in Arabidopsis thaliana flower initiation. BMC Genomics
2015, 16:466.

Mateos JL, Madrigal P, Tsuda K, Rawat V, Richter R, Romera-
Branchat M, Fornara F, Schneeberger K, Krajewski P,
Coupland G: Combinatorial activities of SHORT VEGETATIVE
PHASE and FLOWERING LOCUS C define distinct modes of
flowering regulation in Arabidopsis. Genome Biol 2015,
16:31.

Smaczniak C, Li N, Boeren S, America T, van Dongen W,
Goerdayal SS, de Vries S, Angenent GC, Kaufmann K:
Proteomics-based identification of low-abundance signaling
and regulatory protein complexes in native plant tissues. Nat
Protoc 2012, 7:2144-2158.

lwafuchi-Doi M, Zaret KS: Cell fate control by pioneer
transcription factors. Development 2016, 143:1833-1837.

Pajoro A, Madrigal P, Muifio JM, Matus JT, Jin J, Mecchia MA,
Debernardi JM, Palatnik JF, Balazadeh S, Arif M et al.: Dynamics
of chromatin accessibility and gene regulation by MADS-
domain transcription factors in flower development. Genome
Biol 2014, 15:R41.

Transcriptome, chromatin accessibility, and DNA-binding data were
combined for AP1 and SEP3 at several steps of flower development.
The results indicate that AP1 and SEP3 binding appear to precede
chromatin accessibility and gene expression, suggesting that these
proteins could act as pioneer transcription factors during flower forma-

tion.

53.

54.

55.

56.

57.

58.

59.

Wu MF, Sang Y, Bezhani S, Yamaguchi N, Han SK, Li Z, Su Y,
Slewinski TL, Wagner D: SWI2/SNF2 chromatin remodeling
ATPases overcome polycomb repression and control floral
organ identity with the LEAFY and SEPALLATAS transcription
factors. Proc Natl Acad Sci U S A 2012, 109:3576-3581.

Moreau F, Thévenon E, Blanvillain R, Lopez-Vidriero |, Franco-
Zorrilla JM, Dumas R, Parcy F, Morel P, Trehin C, Carles CC: The
Myb-domain protein ULTRAPETALA1 INTERACTING FACTOR
1 controls floral meristem activities in Arabidopsis.
Development 2016, 143:1108-1119.

Sacharowski SP, Gratkowska DM, Sarnowska EA, Kondrak P,
Jancewicz |, Porri A, Bucior E, Rolicka AT, Franzen R, Kowalczyk J
et al.: SWP73 subunits of Arabidopsis SWI/SNF chromatin
remodeling complexes play distinct roles in leaf and flower
development. Plant Cell 2015, 27:1889-1906.

Mathelier A, Fornes O, Arenillas DJ, Chen CY, Denay G, Lee J,
Shi W, Shyr C, Tan G, Worsley-Hunt R et al.: JASPAR 2016: a
major expansion and update of the open-access database of
transcription factor binding profiles. Nucleic Acids Res 2016,
44:D110-D115.

O’Malley RC, Huang SS, Song L, Lewsey MG, Bartlett A, Nery JR,
Galli M, Gallavotti A, Ecker JR: Cistrome and epicistrome
features shape the regulatory DNA landscape. Cell 2016,
165:1280-1292.

Yan W, Chen D, Kaufmann K: Efficient multiplex mutagenesis by
RNA-guided Cas9 and its use in the characterization of
regulatory elements in the AGAMOUS gene. Plant Methods
2016, 12:23.

Boudon F, Chopard J, Ali O, Gilles B, Hamant O, Boudaoud A,
Traas J, Godin C: A computational framework for 3D
mechanical modeling of plant morphogenesis with cellular
resolution. PLoS Comput Biol 2015, 11:e1003950.

Barbier de Reuille P, Routier-Kierzkowska AL, Kierzkowski D,
Bassel GW, Schipbach T, Tauriello G, Bajpai N, Strauss S,

www.sciencedirect.com

Current Opinion in Plant Biology 2017, 35:15-22


http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0470
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0470
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0470
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0470
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0470
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0475
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0475
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0475
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0475
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0480
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0480
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0480
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0480
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0480
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0485
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0485
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0485
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0490
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0490
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0490
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0490
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0495
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0495
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0495
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0500
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0500
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0500
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0500
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0500
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0505
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0505
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0505
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0505
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0505
http://dx.doi.org/10.1242/dev.135269
http://dx.doi.org/10.1242/dev.135269
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0515
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0515
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0515
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0515
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0515
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0520
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0520
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0520
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0520
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0525
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0525
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0525
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0525
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0525
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0530
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0530
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0530
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0530
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0535
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0535
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0535
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0535
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0540
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0540
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0540
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0540
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0540
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0545
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0545
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0545
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0545
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0550
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0550
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0550
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0555
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0555
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0555
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0555
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0560
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0560
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0560
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0560
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0560
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0560
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0565
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0565
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0565
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0565
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0565
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0570
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0570
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0575
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0575
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0575
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0575
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0575
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0580
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0580
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0580
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0580
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0580
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0585
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0585
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0585
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0585
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0585
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0590
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0590
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0590
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0590
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0590
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0595
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0595
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0595
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0595
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0595
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0600
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0600
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0600
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0600
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0605
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0605
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0605
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0605
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0610
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0610
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0610
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0610
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0615
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0615

22 Growth and development

Weber A, Kiss A et al.: MorphoGraphX: a platform for 62. Elsayad K, Werner S, Gallemi M, Kong J, Sanchez Guajardo ER,
quantifying morphogenesis in 4D. elife 2015, 4:05864. Zhang L, Jaillais Y, Greb T, Belkhadir Y: Mapping the subcellular
o . . . mechanical properties of live cells in tissues with fluorescence
61. Milani P, Mirabet V, Cellier C, Rozier F, Hamant O, Das P, emission-Brillouin imaging. Sci Signal 2016, 9:rs5.
Boudaoud A: Matching patterns of gene expression to
mechanical stiffness at cell resolution through quantitative 63. Smyth DR, Bowman JL, Meyerowitz EM: Early flower
tandem epifluorescence and nanoindentation. Plant Physiol development in Arabidopsis. Plant Cell 1990, 2:755-767.

2014, 165:1399-1408.

Current Opinion in Plant Biology 2017, 35:15-22 www.sciencedirect.com


http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0615
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0615
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0620
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0620
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0620
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0620
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0620
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0625
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0625
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0625
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0625
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0630
http://refhub.elsevier.com/S1369-5266(16)30134-0/sbref0630

	A flower is born: an update on Arabidopsis floral meristem formation
	Introduction
	Emergence of floral primordia
	Floral bud outgrowth
	CK establishes FM meristematic competence
	Floral fate acquisition
	Impact of novel technologies on our understanding of flower development
	Structural advances
	Impact of genome-wide techniques
	Modeling regulatory networks
	Conclusion
	Acknowledgements
	References and recommended reading


