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Old school, new rules: floral
meristem development revealed
by 3D gene expression atlases
and high-resolution transcription
factor–chromatin dynamics
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Graduate School of Science and Technology, Nara Institute of Science and Technology, Ikoma,
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The intricate morphology of the flower is primarily established within floral

meristems in which floral organs will be defined and from where the

developing flower will emerge. Floral meristem development involves

multiscale-level regulation, including lineage and positional mechanisms for

establishing cell-type identity, and transcriptional regulation mediated by

changes in the chromatin environment. However, many key aspects of floral

meristem development remain to be determined, such as: 1) the exact role of

cellular location in connecting transcriptional inputs to morphological

outcomes, and 2) the precise interactions between transcription factors and

chromatin regulators underlying the transcriptional networks that regulate the

transition from cell proliferation to differentiation during floral meristem

development. Here, we highlight recent studies addressing these points

through newly developed spatial reconstruction techniques and high-

resolution transcription factor–chromatin environment interactions in the

model plant Arabidopsis thaliana. Specifically, we feature studies that

reconstructed 3D gene expression atlases of the floral meristem. We also

discuss how the precise timing of floral meristem specification, floral organ

patterning, and floral meristem termination is determined through temporally

defined epigenetic dynamics for fine-tuning of gene expression. These studies

offer fresh insights into the well-established principles of floral meristem

development and outline the potential for further advances in this field in an

age of integrated, powerful, multiscale resolution approaches.
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1 Introduction

Flower architecture is three dimensional (3D), typically being

characterized by radial symmetry encompassing a widely conserved

basic organ plan, yet is also marked by high phenotypic plasticity

across flowering plant species (Endress, 2006; Alvarez-Buylla et al.,

2010; Sauquet et al., 2017). Flower morphogenesis underlying floral

architecture also occurs in 3D space and over time (adding a

dimension, thus 4D) as it progresses across development (Bassel

and Smith, 2016). Our understanding of flower formation has been

greatly advanced by techniques that have enabled the examination

of the floral structure in two dimensions at the cellular level, from

inception until the formation of a full flower (Smyth et al., 1990;

Reddy et al., 2004; Kwiatkowska, 2006; Bassel and Smith, 2016). The

integration of quantitative 2D analyses with the molecular and

genetic underpinnings of flower formation can capture the full

developmental phenotype in three dimensions (Bassel and

Smith, 2016).

In the model plant Arabidopsis (Arabidopsis thaliana), early

flower development is defined as the period from the floral

initiation, or their initial appearance as a floral buttress on the

flank of the inflorescence meristem, until buds open as fully formed

flowers (Smyth et al., 1990). Detailed examination of this

developmental progression has revealed characteristic events that

can be sequentially categorized into 12 stages (Smyth et al., 1990;

Alvarez-Buylla et al., 2010). Prior to the initiation of the floral

meristem, the plant hormone auxin accumulates in the incipient

primordium (Heisler et al., 2005; Petrás ̌ek and Friml, 2009;

Brunoud et al., 2012). This accumulation follows the Fibonacci

property of spiral patterns within the shoot apical meristem (SAM),

which helps define the positions of consecutive flower primordia

(Reinhardt et al., 2003; Heisler et al., 2005; Vanneste and Friml,

2009; Godin et al., 2020). The floral meristem will give rise to all

floral organs, namely sepals, petals, stamens, and carpels. Stage 1 is

defined by the formation of the floral primordium (floral buttress)

on the side of the SAM. By this stage, primordium boundary

domains, organ polarity axes, and floral meristem identity are

largely specified (Weigel et al., 1992; Talbert et al., 1995; Chen

et al., 1999; Heisler et al., 2005; Kwon et al., 2006). Stage 1 can be

further classified into substages designated P1 to P6, distinguished

by the extent of anisotropic cell growth in the incipient floral

primordium (Reddy et al . , 2004; Kwiatkowska, 2006;

Kwiatkowska, 2008; Alvarez-Buylla et al., 2010). The floral

outgrowth will continue to increase in size until stage 2, when a

groove forms that separates it from the meristem. The resulting

stage-2 flowers contain meristematic regions characterized by an

organizing center covered by three distinct cell layers (Mayer et al.,

1998; Brand et al., 2000; Daum et al., 2014). Floral organ identity is

specified by stage 3 through the classical ABC model by homeotic

regulators (Bowman et al., 1991; Parcy et al., 1998; Irish, 2017;

Dennis and Peacock, 2019). This model postulates that the floral

organs, namely the sepals, petals, stamens, and carpels, arise in their

characteristic sequential concentric ring formation through the

combinatorial activities of specific genes (Bowman et al., 1989;

Scheres, 1998). These genes are classified according to A-, B-, C-

type function wherein A genes specify sepals, A and B genes specify
Frontiers in Plant Science 02
petals, B and C genes specify stamens, and C genes specify carpels

(Coen and Meyerowitz, 1991; Scheres, 1998). A genes include

APETALA1 (AP1) and APETALA2 (AP2) while B genes are

comprised of APETALA3 (AP3) and PISTILLATA (PI), and C

gene function is accomplished by AGAMOUS (AG) (Bowman

et al., 1989; Coen and Meyerowitz, 1991; Scheres, 1998; Dennis

and Peacock, 2019). Sepal primordia form during stage 3 and

continuous sepal outgrowth marks stage 4. The appearance of

petal and stamen primordia is next, signifying the start of stage 5.

Stage 6 commences when sepals fully overlap the nascent petal and

stamen tissues. By this stage, floral meristems have produced

sufficient cells to generate all four floral organs, and cell division

diminishes (Lenhard et al., 2001; Sun et al., 2009; Liu et al., 2011). In

stage 7, stamen primordia form stalks at their base that will give rise

to stamen filaments. By stage 8, the formation of anther locules has

initiated. Stage 9 is distinguished by an extended period when the

petal primordia elongate and become stalked. All floral organs also

undergo rapid elongation during this stage. Stage 10 is when the

petals are similar in length to that of and reach the top of the lateral

stamens. Stigmatic papillae arise during stage 11 and petals reach

the height of the medial stamens at stage 12. At the end of stage 12,

the sepals open, marking the conclusion of early flower

development (Smyth et al., 1990; Alvarez-Buylla et al., 2010). The

progression described above has been established by numerous

researchers through sectioning or imaging methods using plants

grown under various growth conditions, and by investigating the

spatiotemporal expression of a handful of key genes in the different

floral organs. In order to gain a deeper understanding of flower

development and identify additional genes involved in early flower

development, including those that are transiently or locally

expressed, it is necessary to comprehensively examine

spatiotemporal gene expression on a global scale. However, such

transcriptome techniques to study flower development in three

dimensions remain limited.

The molecular mechanisms regulating floral meristem

development is defined by the overarching genetic framework

established with the ABC model which has significantly

influenced and contributed to the trajectory of flower studies over

the years (Bowman et al., 2012; Irish, 2017; Dennis and Peacock,

2019). Through this model, important transcription factors

specifying floral cell and tissue identity were identified and

characterized, exemplifying essential spatial determinates for gene

expression (Praggastis and Thummel, 2017; Thomson et al., 2017;

Xu et al., 2021). Proper developmental progression requires

coordination between spatial determinants and temporal cues

(Praggastis and Thummel, 2017; Xu et al., 2021). Quantifying

changes at the cellular, tissue, and organ scales, as well as in gene

expression, also requires tracing these events over time (Bassel and

Smith, 2016). This can lead to a more accurate understanding of

development in four dimensions (which include time). Recent work

suggests that the combinatorial binding of key transcription factors

to their target genes controls the temporal expression of genes

involved in floral transition, floral meristem identity, floral organ

identity, and floral organ morphogenesis (Chen et al., 2018).

Molecular, genetic, and biochemical analyses have also

highlighted the importance of epigenetic mechanisms in finely
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regulating the timing of gene expression by key transcriptional

regulators (Pelayo et al., 2021). In particular, a significant

breakthrough in understanding temporal epigenetic mechanisms

was achieved with the establishment of a synchronization system

for floral development in Arabidopsis (Wellmer et al., 2006). This

system uses the apetala1 cauliflower (ap1 cal) double mutant that

produces a characteristic cauliflower phenotype and carrying an

AP1 transgene fused to the glucocorticoid receptor (GR) (ap1 cal

proAP1:AP1-GR). This enables production of AP1-GR protein that

localizes in the cytosol. When ap1 cal proAP1:AP1-GR plants are

treated exogenously with the steroid hormone dexamethasone

(DEX), AP1-GR is relocated to the nucleus and can initiate

synchronous flower development. This allows researchers to easily

prepare and work with floral stage-specific tissues for epigenetic

analyses (Smaczniak et al., 2012; Pajoro et al., 2014; Engelhorn et al.,

2018). While our knowledge is still limited, the dynamics of

epigenetic regulation linked to transcription factors during floral

meristem development is starting to emerge.

In this review, we discuss recent advances in how to study floral

meristem development in four dimensions, using the fourth

dimension (time) as a marker of developmental progression. We

provide a broad overview of floral meristem development in the

context of newly developed 3D spatial-reconstruction approaches,

which address gaps in our understanding between transcriptional

inputs and morphological outcomes. Following this overview, we

present studies tackling the temporal control of transcription

during floral meristem development and propose that the timing

of flower formation is epigenetically regulated.
2 Floral meristem development in 4D:
Spatiotemporally resolved gene
expression in floral meristems and
epigenetic regulation of timing floral
meristem development

2.1 Spatial localization of transcripts and
reconstruction of their expression domains
in Arabidopsis flowers

2.1.1 Spatial detection of RNA and mapping of
gene expression domains in Arabidopsis flowers

In plants, as well as in other eukaryotes, established and

standard techniques for mapping gene expression to specific cells

and tissues typically involves in situ hybridization, during which

labeled RNA probes complementary to a transcript of interest are

hybridized onto local mRNAs in a given sample, revealing the

spatial context of target transcript accumulation upon visualizing

the labeled samples (Figure 1) (Jensen, 2014; Waylen et al., 2020).

Samples can be visualized using radioisotope- or non-radioisotope-

labeled RNA probes (Houben et al., 2006). In particular,

digoxigenin-labeled RNA probes allow for higher resolution than

radioisotope-based methods (Wu andWagner, 2012). Furthermore,

in situ techniques have been adapted to accommodate a wide range

of sample types, from thin sections mounted onto slides to whole
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organs and tissues. Aspects of flower development that have been

characterized using in situ hybridization include the expression

patterns of the floral organ identity genes and the transcripts

encoding their interactors (Yanofsky et al., 1990; Drews et al.,

1991; Bowman et al., 1992). Although it is possible that cross-

hybridization may occur between ribonucleic acids derived from

orthologous or paralogous genes, gene expression patterns based on

in situ hybridization and reporter assays (i.e. promoter-reporter

fusions with GUS or GFP) are largely identical to each other (Peiffer

et al., 2008). Because generating transgenic plants and crossing the

transgene into different backgrounds (e.g., mutant backgrounds) is

not required, in situ hybridization remains a powerful method for

obtaining spatial information about RNA molecules (Hu et al.,

2023). A major limitation of in situ hybridization is its

low throughput.

The advent of approaches that dissect transcriptome dynamics,

particularly microarrays and transcriptome deep sequencing (RNA-

seq), have empowered the quantification of gene expression levels in

a high-throughput manner. AtGenExpress is an international

project that summarized large-scale microarray data in

Arabidopsis (Figure 1) (Schmid et al., 2005). The database

included gene expression data for many developmental stages as

well in response to environmental stimuli. Due to the limitation of

probes for microarrays, the number of genes that can be detected is

limited, which is not the case with RNA-seq, which provides access

to virtually all RNA molecules in a sample. One useful database

summarizing gene expression profiles based on RNA-seq data,

primarily using floral tissues, is TRAnscriptome Variation

Analysis (TRAVA) (Figure 1) (Klepikova et al., 2016; Klepikova

et al., 2019). TRAVA provides genome-wide floral organ- or stage-

specific gene expression levels. In both databases, the resolution of

gene expression is at the level of entire organs, not cells.

By combining RNA extraction or nuclei isolation from specific

cell types with transcriptome methods, many researchers have

sought to provide spatial gene expression information at the

tissue-specific or cell-type levels. Such specific cell populations are

often collected by fluorescence-activated cell sorting (FACS),

isolation of nuclei tagged in specific cell types (INTACT), or laser

microdissection (LSM) (Casson et al., 2005; Hölscher and

Schneider, 2008; Deal and Henikoff, 2011; Galbraith, 2014). For

example, FACS has been used to map gene expression in

Arabidopsis inflorescence and floral primordia. Although FACS

requires costly equipment and trained personnel, cells prepared

from Arabidopsis inflorescences are morphologically uniform and

easily sorted making FACS a valuable technique. Furthermore,

Yadav et al. (2009); Yadav et al. (2014) employed fluorescence

markers expressed in stem cells, three distinct cell layers, or early

floral primordia in inflorescence meristems, followed by FACS and

subsequent microarray analysis of the extracted RNA (Figure 1).

Based on the obtained cell type-specific gene expression profiling, a

high-resolution gene expression map has been established and

made available to the public through the Arabidopsis eFP

Browser (Yadav et al., 2009; Yadav et al., 2014). One downside is

that since FACS requires protoplast isolation, which typically takes

several hours, the resulting expression profile may not accurately

reflect true spatial RNA levels or distributions.
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2.1.2 Spatial transcriptomes and mapping of gene
expression domains in Arabidopsis flowers

Spatial transcriptomics methods detect the positional context of

transcriptional activity in intact plants at a higher resolution than

previously available approaches, either for regions or single cells.

Spatial transcriptomics was initially developed for mammalian

systems, using positional barcodes on an oligonucleotide array for

RNA-seq on fixed mouse (Mus musculus) brain and human (Homo

sapiens) breast cancer tissue sections (Ståhl et al., 2016; Waylen

et al., 2020). In plants, the technique has been applied to the

Arabidopsis inflorescence, European aspen (Populus tremula)

developing and dormant leaf buds, and Norway spruce (Picea

abies) female cones, representative species of angiosperms and

gymnosperms, and to demonstrate the adaptability and

reproducibility of this technique across a wide range of plant

sample types (Figure 2) (Giacomello et al., 2017). The spatial

transcriptome data from this study showed the distinct gene

expression patterns across different tissue domains within an

organ. Furthermore, their data correlated well with the available
Frontiers in Plant Science 04
AtGenExpress-based microarray data. The coming of age of single-

cell RNA-seq (scRNA-seq) has also advanced the high-throughput

detection of spatially resolved gene expression. Researchers sought

to enhance the potential of scRNA-seq by integration with imaging

capabilities (Marx, 2021). Few studies have reconstructed spatial

gene expression models of early flowers by integrating established

techniques such as in situ hybridization and confocal imaging with

high-throughput transcriptomic approaches to recapitulate early

flower development in four dimensions. Nevertheless, Refahi et al.

(2021) aimed to establish a direct and quantitative link between

organ formation, growth patterns, and their underlying gene

expression networks (Figure 2). The group initially established a

confocal imaging-based time-series cell lineage tracking system for

floral meristems by analyzing floral meristem stages based on

overall meristem shape. Their focus was primarily on the

initiation phase up to stage 4 due to the high consistency and

reproducibility observed in their experiments. The resulting 4D

template was integrated with expression patterns from 28 well-

characterized genes associated with floral meristem development by
FIGURE 1

Summary of plant spatial RNA detection approaches. Four plant spatial RNA detection approaches are described, as indicated in the columns: In situ
hybridization (ISH), AtGenExpress (Schmid et al., 2005), TRAVA (Klepikova et al., 2016), and the FACS-based early flower profiling by Yadav et al.
(2009); Yadav et al. (2014) available on the eFP browser. Each row indicates which tissues are used for each approach (‘Plant samples’), the
techniques used for preparing the samples (‘Sample preparation’), the method applied for detecting RNA (‘Signal detection’), and how the results
from each approach were visualized and summarized (‘Output’). ISH involves preparing tissue sections from plant structures of interest (such as floral
meristems for this review) followed by hybridizing probes specific to target mRNA, then visualization through microscopy techniques. AtGenExpress
was developed using tissues derived from all Arabidopsis organs at various stages of development subjected to RNA extraction for microarray
analysis, generating global gene expression patterns. TRAVA is an RNA-seq-based transcriptome database initially developed for Arabidopsis floral
initiation. Lastly, the FACS-based early flower dataset was generated by fluorescently labeling protoplasts of ap1 cal plants with an inducible AP1-GR
transgene, enabling cell-type-specific microarray analysis that was integrated onto the eFP browser.
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manually annotating literature-based data and new in situ-based

data. In silico analyses revealed various ‘cell states’ resulting from

unique combinations of expressed genes in cell groups and the

particular differentiation state of the cell groups (Figure 3). The

integrated 4D template enabled the researchers to assess

correlations between lineage-based data and literature-based data

resulting in the enhanced predictive ability of gene expression,

assembled into a template. Using this template, the switch to

heterogenous growth that takes place at flower stage 2 was

identified by quantitative analysis of cellular properties (defined

as cell size distribution and number of neighboring cells within the

L1 and L2 layers), growth rates, and growth anisotropy (defined by
Frontiers in Plant Science 05
relative growth rates and directionality between successive time

points). Moreover, gene expression could be correlated with growth

patterns through pairwise comparisons of genes with partially

overlapping expression patterns. Using this approach, genes such

as CUP-SHAPED COTYLEDON1–3 (CUC1–3), known for their

role in proper SAM formation and for proper organ separation

between cotyledons and floral organs (Takada et al., 2001), and

ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN6

(AHP6), a negative regulator of cytokinin signaling (Besnard

et al., 2014), were confirmed for their growth inhibiting and

promoting effects, respectively. Finally, the authors established a

role for LEAFY (LFY) in regulating growth coordination across cell
FIGURE 2

Summary of spatially resolved flower transcriptomes. Three spatially resolved flower transcriptomes are currently available, generated by different
groups indicated in the columns: the spatial transcriptomics-based dataset by Giacomello et al. (2017), the live imaging and ISH-based 4D atlas by
Refahi et al. (2021), and the scRNA-seq-based 3D atlas by Neumann et al. (2022). Each row indicates which samples were used for each approach
(‘Plant samples’), the techniques used for preparing the samples (‘Sample preparation’), the method applied for detecting RNA (‘Signal detection’),
and how the results from each approach were rendered (‘Output’). Here signal detection involves both the transcriptional readout and its associated
morphological coordinates with the ultimate aim of integrating these two factors in the output. For the adapted spatial transcriptomics by
Giacomello et al. (2017), cryo-sections of Arabidopsis inflorescences were prepared, followed by barcoded probe hybridization, wherein the plant
sections are laid onto an immobilized spot array containing barcoded oligonucleotide probes, which enables spatial localization of transcripts.
Addition of fluorescent labeling during cDNA synthesis also enables morphologically defined tissue-specific transcript visualization. The early flower
4D atlas by Refahi et al. (2021) was established by integrating time-course live imaging of the early flower with curated literature-based gene
expression data with their own ISH data projected onto MorphoNet. Finally, the 3D floral meristem (FM) atlas by Neumann et al. (2022) was
generated using FANS-based scRNA-seq data mapped onto the 4D atlas of Refahi and colleagues by adapting NovoSpARc, a computational
framework for gene expression cartography based on probabilistic optimization matching (Nitzan et al., 2019; Moriel et al., 2021).
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domains by demonstrating that a strong loss-of-function lfy allele

showed a slower growth rate in domains in which LFY was

expressed compared to the wild type. Overall, this work

represents an integrated multi-scale analysis of spatiotemporal

gene expression patterns during floral meristem development,

enabling quantitative correlations between transcriptional inputs

and growth outcomes, as well as providing an adaptable and

predictive system for analyzing cellular spatial gene expression.

A high-throughput single-cell-based 3D floral meristem atlas

was established by Neumann et al. (2022) by adapting NovoSpaRc,

a computational framework or algorithm for gene expression

mapping based on probabilistic optimization matching, to

integrate single nuclei RNA-seq (snRNA-seq) data onto Refahi

et al.’s 3D floral meristem atlas (Figure 2) (Nitzan et al., 2019;

Moriel et al., 2021; Refahi et al., 2021; Neumann et al., 2022). Data

integration with NovoSpaRc takes into account transcriptome

similarities in two ways, 1) cell-to-cell transcriptome similarity

among adjacent cells on the reference map (similarity score

between cells within the scRNA-seq/snRNA-seq data as

distributed onto the reference map) and 2) similarity score

between the scRNA-seq/snRNA-seq dataset and the cells they are

assigned to on the reference map (Nitzan et al., 2019; Moriel et al.,

2021; Neumann et al., 2022), making it an ideal approach for

organisms or any biological system with a limited set of reference

genes available. In this study, the authors highlighted the

importance of the spatial context of gene expression dynamics in

uncovering the molecular networks behind cellular differentiation

during development (Neumann et al., 2022). First, they established

a snRNA-seq dataset using fluorescence-activated 4’,6-diamidino-

2-phenylindole (DAPI)-stained nuclei sorting (FANS) for nuclei
Frontiers in Plant Science 06
collection from floral tissues at stages 4 and 5 derived from the

synchronized ap1 cal proAP1:AP1-GR inducible system. The

snRNA-seq data formed 12 clusters defined by the top 20 marker

genes specific to each cluster. By taking these marker genes and

plotting their expression against publicly available bulk flower

RNA-seq datasets, many of the clusters were assigned to tissue

domains (epidermal and vasculature) and cell cycle status. The

resulting snRNA-seq dataset was mapped onto the 4D template by

Refahi et al. (2021) using a modified NovoSpaRc approach to

account for factors such as tissue sample integrity of the snRNA-

seq dataset and binary 4D template. They showed that a predicted

estimation performance for each gene can be determined prior to

establishing the reference spatial map, enabling the assessment of

which reference genes can be reliably used for predicting spatial

gene expression for targets of interest. Time course analysis with the

integrated map indicated that gene expression programs in later

flower stages are primed during early flower development, and also

demonstrated that this approach can be used to investigate precise

spatiotemporal gene expression dynamics. Furthermore, they

showed that gene expression levels within specific floral meristem

domains (such as the AP3 and AG domains) can be reliably

estimated with the reconstructed spatial gene expression map of

the floral meristem, as well as for predicting domain-specific

differential gene expression, especially relating to floral whorl-

specific genes. Notably, they found that gene expression patterns

from snRNA-seq data were better represented when mapped onto a

spatial reference (as opposed to snRNA-seq data directly compared

to bulk RNA-seq data), indicating that integrating snRNA-seq

datasets with spatial gene expression maps is a key consideration

for conducting multi-scale studies. Lastly, the authors also
FIGURE 3

Cell lineage and gene expression tracking of floral stages 0 to 4 from the 4D FM atlas. ‘Cell states’ present in each stage are indicated by a color-
coded numbered legend (‘Code’) and can be spatially visualized and tracked over the course of development. Expressed genes included in the atlas
(‘reference genes’) are listed in Supplemental Table 1, while combinations of these genes expressed in each cell state are listed in Supplemental
Table 2. Cell states were not described for flower stages after stage 4, indicated as 'ND' (>Stage 5).
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investigated the establishment of vascular stem cells in the apical

meristems to expand on their finding of floral meristem domains

associated with vascular-specific marker genes. They used

previously characterized transcriptomic data from vascular tissue

of inflorescence stems to predict the location of vascular cell

initiation in the reconstructed 3D meristem utilizing SMAX1-

LIKE 5 (SMXL5) and PHLOEM INTERCALATED WITH XYLEM

(PXY) as markers for the distal cambium and the proximal

cambium, respectively (Shi et al., 2021; Neumann et al., 2022).

Through this approach, they demonstrated that the spatially

reconstructed data could be used to predict the cellular

localization of morphologically indistinguishable cells (the distal

cambium and the proximal cambium in this case).

Spatial transcriptomics and 3D imaging methods for plants are

continually evolving and advancing. For example, an updated

approach to investigating spatial gene expression in plants at

single-cell resolution was recently described, called PHYTOMap,

wherein cell-type markers were spatially detected simultaneously in

cleared whole-mount root tissues (Nobori et al., 2023). PHYTOMap

overcomes the limitations in sectioning of tissue samples (for organs

that are too small to be sectioned, such as root tips), such as is

typically used for spatial transcriptomics, making it a viable option to

spatially map gene expression in a wide array of tissue types. Studies

directly addressing issues in imaging analysis and software

development for 3D atlases of ovules have also been recently

published (Vijayan et al., 2021; Vijayan et al., 2022). The 2021

study featured a quantitative 3D reference atlas of the Arabidopsis

ovule, laying out a framework for morphogenetic characterization of

deep tissue structures (Vijayan et al., 2021). The 2022 study is on the

use of 3DCoordX, a cell location annotation tool in the open-source

visualization and analysis software MorphoGraphX for 4D biological

datasets, for precisely and rapidly annotating cells in 3D organ-level

representations at single-cell resolution (Vijayan et al., 2022). Both

studies will be useful resources for integration with high-throughput

gene expression analysis approaches. These approaches demonstrate

that spatial gene expression in plants and 3D digital representations

of these expression patterns can be scaled globally and can be adapted

for different plant tissue types, including floral meristems.

Moreover, spatially resolved transcriptome atlases at single-cell

resolution are expected to contribute novel findings not only in studies

investigating cell fate reprogramming and lineage mechanisms but also

in understanding plant-environment interactions, such as during plant

abiotic and biotic stress responses (Chen et al., 2023; Yin et al., 2023).

Thus, establishing gene expression atlases is important for all plant

scientists engaged in either fundamental or applied research. Ideally,

these techniques can be adapted for any area of plant studies and plant

system of interest. Additionally, spatially resolved multi-omics

approaches beyond the transcriptome level are also currently being

developed and adapted to achieve single-cell, or at least, near single-cell,

resolution. These include spatially resolved epigenomics, proteomics,

and metabolomics (Yu et al., 2022; Yin et al., 2023) techniques. The

ultimate aim is to establish and integrate multi-omics atlases and to

recapitulate these cellular processes simultaneously in their native

spatiotemporal context.

Overall, recent advances in high-throughput single-cell

transcriptomic analyses, powerful computing methods, and
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imaging technologies are contributing to the growth of 3D spatial

reconstruction in the plant community. These advances are

enabling integrated and quantitative 3D representations of

complex structures (such as the flower) at an unprecedented

resolution and scale, providing further insight into well-

characterized growth and development. These emerging

approaches will undoubtedly serve as an important gateway in

establishing testable and quantifiable links between the regulation of

gene expression and morphogenesis.
2.2 Temporal control of transcription in the
floral meristem is epigenetically regulated

Morphogenesis, including floral meristem development,

involves sequential, tissue-specific, genetically-regulated changes

over time (Belmonte-Mateos and Pujades, 2022). In contrast to

our broad knowledge about the spatial and genetic determinants of

organ formation, much remains to be understood regarding how

these factors are temporally coordinated. Across eukaryotes,

temporal control of transcription during development has been

associated with epigenetic factors and their interaction with

transcription factors (Yosef and Regev, 2011; Kouno et al., 2013;

Praggastis and Thummel, 2017; Uyehara et al., 2017; Nguyen et al.,

2021). Epigenetic regulation results in dynamic and heritable

changes in the chromatin environment without changes in DNA

sequence. The nucleosome is the basic chromatin unit, composed of

the histone octamer, containing two copies each of the histone

variants H2A, H2B, H3, and H4, around which 147 bp of DNA is

wrapped (Vachon et al., 2018; Baldi et al., 2020). Nucleosomes

facilitate the formation of higher-order chromatin structures and

enable DNA compartmentalization in the nucleus. Chromatin

accessibility is a major factor influencing transcriptional activity

and is regulated by chromatin remodelers and modifiers.

Chromatin remodelers are classified into four main classes for

yeast, animals and plants, namely the ATP-dependent chromatin

remodelers switch/sucrose-non-fermenting (SWI/SNF), imitation

switch (ISWI), chromodomain-helicase-DNA binding (CHD), and

inositol requiring 80 (INO80), with functions in altering

nucleosome position and composition (Tyagi et al., 2016; Vachon

et al., 2018; Bieluszewski et al., 2023).

Chromatin modifiers configure chromatin architecture and

often associate with the changes in epigenetic modification states

via ‘writers’, ‘readers’, and ‘erasers’ (Allis and Jenuwein, 2016;

Bieluszewski et al., 2021; Uckelmann and Davidovich, 2021).

‘Writer ’ functions involve catalyzing histone or DNA

modifications, while ‘reader’ functions sense chromatin states by

direct association with histones, DNA, or RNA modifications or

affinity for specific DNA features (Allis and Jenuwein, 2016;

Uckelmann and Davidovich, 2021). Existing modifications can be

removed through ‘eraser’ activity (Allis and Jenuwein, 2016;

Uckelmann and Davidovich, 2021). For example, Polycomb

group (PcG) proteins are transcriptional repressors that modulate

histone modification to silence genes. They reside in two complexes:

Polycomb repressive complex 1 (PRC1) and PRC2. PRC1 is

typically associated with reader function and for further
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chromatin compaction, while PRC2 is well-known for its writer

function by depositing repressive trimethylation of lysine 27 on

histone H3 (H3K27me3) (Uckelmann and Davidovich, 2021). In

plants, epigenetic regulation of transcription is associated with

development and response to environmental cues, but its

temporal role in driving these events is less understood

(Baulcombe and Dean, 2014; Whittaker and Dean, 2017; Vachon

et al., 2018). Here, we take a closer look at studies revealing the

epigenetic mechanisms underlying the temporal regulation of

transcription during floral meristem development. Because the

floral meristem transitions from a highly proliferative

meristematic state to facilitate the formation of a determinate

reproductive structure, it serves as an excellent system for

exploring the temporal regulation of transcription underlying

developmental progression. Through these studies, we aim to

demonstrate that the timing of transcriptional programs

underlying developmental transitions during flower formation is

epigenetically regulated.
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2.2.1 Flower stages 0–1: epigenetic regulation of
floral meristem identity specification

The floral meristem is a derivative of the SAM, by way of the

inflorescence meristem, poised to form all floral structures upon the

plant’s switch from vegetative to reproductive development. The

core regulator for this specification is the helix-turn-helix

transcription factor LFY (Ó’Maoiléidigh et al., 2014; Jin et al.,

2021; Yamaguchi, 2021). LFY was recently formally established as

a pioneer transcription factor in plants (Figure 4) (Jin et al., 2021).

Pioneer transcription factors are distinct from conventional

transcription factors as they can bind and open condensed

chromatin regions, namely DNA wrapped around histones

forming nucleosomes and likely in higher-order chromatin

conformations. This conformation change allows the relevant

transcription factors to locate and bind to the newly accessible

DNA regions to activate transcription. Transcriptional activation of

the floral commitment factor APETALA1 (AP1) depends on the

pioneer activity of LFY, which binds to the AP1 locus in a
FIGURE 4

Temporal epigenetic regulation from floral stages 0 to 6. Transcription factors and chromatin regulators interact to modulate chromatin accessibility,
determining transcriptional activity over time. At floral stages 0–1, LFY pioneer activity regulates AP1 activation through initial displacement of the
histone linker H1, followed by SWI/SNF chromatin recruitment and subsequent chromatin opening. These events increase chromatin accessibility,
enabling other transcriptional regulators (such as LMI2 and RNA pol II) to be recruited to the AP1 locus for full AP1 transcriptional activation. During
floral stages 2–3, LFY and AP1 act as transcriptional repressors of ZP1 and ZFP8 to abolish their repressive activity toward the floral homeotic genes,
such as AG. ZP1 binds to the second intron of AG, a cis-regulatory region critical for AG repression by producing non-coding RNAs mediating PRC2
interaction and activity on the AG locus, and by facilitating AG chromatin loop formation. AG activation is accomplished by LFY-mediated SYD and
BRM recruitment onto AG regulatory regions, acting antagonistically to PRC2 repression of the locus, and by LFR–SYD SWI/SNF complex chromatin
remodeling activity promoting nucleosome repositioning or eviction and RNA poll II recruitment to AG. During floral stages 3–6, AG initiates floral
meristem termination by activating KNU and AHL18. At stage 3, PRC2-mediated repression of KNU and AHL18 is overcome by initial AG binding and
PRC2 eviction from the KNU and AHL18 promoter regions. H3K27me3 is passively diluted along the KNU and AHL18 coding regions after
approximately two cell division cycles, resulting in full KNU and AHL18 activation by stage 6.
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nucleosomal state to open up local chromatin through displacement

of the linker histone H1 and recruitment of SWI3B to the target site

(Jin et al., 2021). SWI3B is a core component of the SPLAYED

(SYD) and BRAHMA (BRM) SWITCH deficient SUCROSE

NONFERMENTING (SWN/SNF) chromatin remodeling complex

(Bieluszewski et al., 2023). The change in chromatin accessibility

enables other transcription factors, such as LATE MERISTEM

IDENTITY2 (LMI2), to bind for full activation of AP1.

Additionally, LFY’s ability to reprogram root identity to floral

meristem identity was also demonstrated to be dependent on its

pioneer function (Jin et al., 2021). Previously, LFY was

demonstrated to control the conversion of root explants directly

into flowers, wherein the formation of rosette leaves typically

preceding flower development during normal shoot development,

is bypassed (Wagner et al., 2004). This suggests that LFY is

sufficient for identity specification regardless of the organ (Jin

et al., 2021).

LFY coordinates with the SWI2/SNF2 chromatin-remodeling

ATPases SYD and BRM to orchestrate local changes in chromatin

accessibility. SWI/SNF ATPase chromatin remodeling complexes

are conserved across eukaryotes and regulate various nuclear events

within the cell and play important functions throughout growth and

development (Bieluszewski et al., 2023). SYD and BRM have both

distinct and overlapping functions, especially during early flower

development (Bezhani et al., 2007; Vachon et al., 2018; Pelayo et al.,

2021). Recently, the comprehensive characterization of SWI/SNF

complexes in plants uncovered the molecular underpinnings of the

functional roles attributed to SWI/SNF remodelers such as SYD,

BRM, and the newly characterized SWI/SNF ATPase subunits

MINUSCULE1 [MINU1 , a l so named CHROMATIN

REMODELING12 (CHR12)] and MINU2 (also named CHR23)

(Guo et al., 2022; Hernández-Garcıá et al., 2022). Specifically, SWI/

SNF chromatin remodeling complexes can be classified into three

main classes defined by their ATPase subunits: BRM-associated

(BAS), SYD-associated (SAS), and MINU1/2-associated SWI/SNF

complexes (MAS); differences in their binding affinities toward the

active histone modifications histone H3 acetylation (H3ac) and

H3K4me3 along their target loci likely determine the distinct and

shared functions of these complexes. These results present a major

advance in our understanding of the precise factors determining the

distinctions and similarities attributed to SYD and BRM functions,

as well as for other proposed SWI/SNF complex components. SAS

complex function was specifically associated with flower

development, indicating that chromatin remodeling activities

during flower formation may be mediated through SAS complex

activity. However, much remains to be understood in how the SAS

complex, along with the other SWI/SNF classes, functions

specifically in different developmental stages, such as during floral

meristem identity specification, and how it coordinates its activities

with pioneer transcription factors, such as LFY. Future work aimed

at examining the roles of the different SWI/SNF classes in greater

detail will address the current gaps in our knowledge on how the

chromatin environment determines floral meristem identity.

The LFY–AP1 activation module is also known to go through

temporal delays at the onset of AP1 induction by LFY until AP1 is

fully expressed (Wagner et al., 1999). LFY accumulates in incipient
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floral primordia, while the activation of AP1 expression begins from

stage 1 onward (Yamaguchi et al., 2013; Refahi et al., 2021) (Figure 4).

LFY pioneer activity is consistent with these observed lag times and

may contribute to this temporal regulation, as pioneer function is

characterized by an observed residency time on target genomic sites

prior to activation, leading to the initiation of chromatin remodeling

that allows the binding of other factors necessary for activating the

expression of target genes (Zaret and Carroll, 2011; Yamaguchi,

2021). Indeed, in root explant experiments for reprogramming to

floral fate, AP1 activation was detected only after 24 hours of LFY

induction, with gradual accumulation of LFY protein over 5 days.

Enhanced chromatin accessibility at the AP1 locus was also observed

5 days after LFY induction. During floral meristem identity

specification, these events may initially correspond to stages 0–2 of

flower development wherein LFY and AP1 activity have been

observed (Smyth et al., 1990; Ó’Maoiléidigh et al., 2014). During

these stages, LFY and AP1 are also known to have downstream

regulatory activities, such as promoting the expression of other floral

meristem identity genes and regulating genes for phytohormone

signaling for floral primordia formation, suggesting that these

activities may thus be, at least in part, regulated by LFY pioneer

function in activating AP1 (Ó’Maoiléidigh et al., 2014; Goslin

et al., 2017).

2.2.2 Flower stages 2-3: epigenetic regulation of
floral organ identity specification

Following floral meristem identity specification, LFY and AP1,

together with the MADS box transcription factor SEPALATTA3

(SEP3), activate the expression offloral organ identity genes, such as

AP3 and PISTILLATA1 (PI), involved in petal and stamen

formation, and AG, involved in stamen and carpel formation, by

early stage 3 (Wu et al., 2012). LFY recruits SYD and BRM to AP3

and AG regulatory regions to overcome polycomb-mediated

repression, resulting in AP3 and AG transcription (Wu et al., 2012).

A recent study reported that LFY and AP1 mediate AP3, PI, and

AG activation by downregulating two zinc finger protein

transcription factor genes, Arabidopsis ZINC FINGER PROTEIN1

(ZP1), and ZINC FINGER PROTEIN8 (ZFP8) (Hu et al., 2023). ZP1

has known roles in proper root hair development, while ZP8 is

associated with trichome initiation (Hu et al., 2023). Hu and

colleagues showed that ZP1 and ZFP8 are transcriptional

repressors of AP3, PI, and AG in leaves during the vegetative

stage. Upon the switch to reproductive development, LFY and

AP1 bind to ZP1 and ZFP8 promoters to repress their expression

and eliminate the repression imposed by their encoded proteins on

AP3, PI, and AG expression at stage 3 (Figure 4). Indeed,

misexpression of ZP1 and ZFP8 under the control of the LFY or

AP1 promoter resulted in loss of floral organ identity and

downregulation of AP3, PI, and AG expression. In a parallel

approach, the zp1 zfp8 lfy and zp1 zfp8 ap1 triple mutants could

partially restore petal formation that is normally defective in the lfy

and ap1 single mutants, further supporting the observation that ZP1

and ZFP8 are involved in activating B- and C-class floral homeotic

genes. ZP1 binds to regions upstream of the AP3 and PI

transcription start sites that are not bound by LFY, suggesting

that ZP1 directly represses AP3 and PI expression independently of
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LFY (Figure 4). ZP1 associates with the 3’ end of the second intron

in AG, where LFY and the PRC2 methyltransferase CURLY LEAF

(CLF) also binds, suggesting competitive binding between ZP1 and

LFY for AG regulation (Goodrich et al., 1997; Wu et al., 2018). In

addition, ZP1 may be involved in recruiting PRC2 to AG. However,

further studies are needed to establish a link between

downregulation of ZP1 and ZFP8 repressive activity and removal

of PRC2-mediated repression and loss of H3K27me3 in AG.

Whether SWI2/SNF2 complexes mediate chromatin remodeling

to activate AP3, PI, and AG expression in coordination with ZP1

and ZFP8, and PRC2 will be interesting to study. Overall, this study

reveals transcription factor interactions mediating the repression of

B- and C-class floral homeotic genes.

An additional factor for AG activation was recently described:

LEAF AND FLOWER-RELATED (LFR) is a subunit of the SAS

complex and functions interdependently with SYD to activate AG

expression (Lin et al., 2023). LFR is an Armadillo-repeat-containing

nuclear protein with known roles in leaf development through its

interactions with various components of the SWI2/SNF2 chromatin

complex, such as SWI3B and SWIP37B (Vercruyssen et al., 2014;

Nelissen et al., 2015; Lin et al., 2018; Lin et al., 2021). Lin and

colleagues found additional SWI2/SNF2 subunits that interact with

LFR, namely SYD, SWI3A, SWI3B, and ACTIN-RELATED

PROTEIN4 (ARP4). Furthermore, the N-terminal region of SYD,

which contains its QLQ domain for establishing protein-protein

interactions, was necessary and sufficient to establish the physical

interaction with LFR (Sang et al., 2012). Phenotypic and expression

analyses of the syd lfr double mutant suggested that SYD and LFR

share functions in establishing proper stamen and pistil

development through the activation of AG expression. LFR

directly binds to regions upstream of the AG transcription start

site and to the AG second intron, a region previously shown to be

directly bound by SYD (Figure 4) (Wu et al., 2012). The AG locus

forms a chromatin loop that directly affects its transcriptional

regulation (Wu et al., 2018). SYD and LFR inhibit chromatin

loop formation and PRC2 accumulation, while promoting

nucleosome sliding or eviction and recruitment of the RNA

polymerase II complex to the AG locus to activate its

transcription (Figure 4). These results suggest that SAS complex

activity with the LFR variant is specifically involved in AG

activation during stage 3 of early flower development and is

functionally important for proper stamen and carpel development.

2.2.3 Flower stages 3-6: epigenetic regulation of
floral meristem determinacy and floral
organ development

Termination of the floral meristem is initiated at stage 6 of early

flower development by the C-class homeotic protein AG. Floral

meristem termination is irreversible and commit floral meristem

cells to a determinate fate. To achieve this termination, AG directly

and indirectly represses the expression of the homeodomain

transcription factor gene WUSCHEL (WUS); WUS function

sustains stem cell production in the floral meristem (Mayer et al.,
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1998; Liu et al., 2011; Xu et al., 2019; Min and Kramer, 2023). The

indirect repression of WUS by AG involves distinct but parallel

pathways with the C2H2-type zinc finger transcription factor

KNUCKLES (KNU) and the YABBY transcription factor CRABS

CLAW (CRC) (Sun et al., 2009; Yamaguchi et al., 2017; Yamaguchi

et al., 2018). AG activates KNU for floral meristem termination

through cell cycle–dependent dilution of H3K27me3 at the KNU

locus, leading to time-delayed KNU activation. Specifically, by stage

2 of flower development, KNU expression is repressed by PRC2

bound to the KNU locus, which establishes and maintains

H3K27me3 marks along its coding sequence (Figure 4)

(Sun et al., 2009; Sun et al., 2014; Ikeuchi et al., 2015). At floral

stage 3, AG accumulation leads to PRC2 eviction at the KNU

promoter region followed by a decrease in PRC2-mediated

H3K27me3 deposition along the KNU coding region, which

occurs in a cell cycle–dependent manner (Figure 4). As a result,

KNU expression is activated after two days of cell divisions just

before floral meristem termination at floral stage 6 (Figure 4) (Sun

et al., 2014). Altering KNU temporal expression results in either

premature floral meristem termination or in its indeterminacy (Sun

et al., 2009). Hence, KNU was the first gene described as being

transcriptionally activated via cell cycle–dependent epigenetic

regulation by AG.

A recent study identified additional targets that are regulated by

AG in a similar manner. It also delved into the mechanistic

determinants of this intrinsic timing mechanism (‘biotimer’)

through genome-wide approaches (Pelayo et al., 2023). Additional

AG biotimer targets were identified based on four main criteria: 1)

direct AG binding to target genes, together with 2) PRC2 eviction at

these sites resulting in 3) cell cycle–dependent H3K27me3 dilution

from stages 3 to 5, and 4) subsequent transcriptional activation

from stages 5 to 6. Through this screening, KNU was among the

candidate AG-mediated biotimer targets, as well as AT HOOK

MOTIF NUCLEAR LOCALIZED PROTEIN18 (AHL18) and

PLATZ10. AHL18 encodes a known regulator of lateral root

development, while PLATZ10 encodes a transcription factor that

belongs to a family of plant-specific zinc-dependent DNA-binding

proteins (Nagano et al., 2001; Širl et al., 2020). A mathematical

model quantitatively generalizing the biotimer mechanism was also

introduced, wherein the timing of transcriptional activation was

correlated with the length of H3K27me3-marked regions in

biotimer genes. The time of induction after the onset of AG

binding for KNU, AHL18, and PLATZ10 was approximately 1.7–

2.52, 2.45–4.90, and 3.73–7.46 days, respectively, based on the

predictions made using the model. The corresponding floral

stage–specific expression would be stages 5–6 for KNU, stages 5–7

for AHL18, and stages 6–9 for PLATZ10. These stages are consistent

with the observed tissue-specific expression pattern for KNU,

AHL18, and PLATZ10 as well as with the associated functions in

stamen development for AHL18 and PLATZ10. AHL18 is expressed

in nascent stamen filament tissue from floral stages 5 to 8, while

PLATZ10 is expressed in anthers from stage 8 floral buds. Stamen

primordia giving rise to stamen filaments occur from stage 7, in
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accordance with the predicted and observed AHL18 spatiotemporal

expression pattern (Figure 4). Similarly, anther locule formation

initiates at stage 8 and is consistent with the predicted and observed

PLATZ10 spatiotemporal expression pattern. These results suggest

that the biotimer mechanism is prevalent throughout flower

development and contributes to transcriptional regulation, not

only for floral meristem termination but also for proper floral

organ development. In addition, the current set of criteria

defining the biotimer mechanism are sufficient parameters to

quantifiably determine biotimer behavior and to make accurate

predictions through this model.

Experimental validation of the model’s predictions was carried

out by modifying the number of del repeats in the KNU locus. del is

an H3K27me3-dense and FERTILIZATION INDEPENDENT

ENDOSPERM (FIE)-bound region previously identified as being

necessary for proper timing of KNU transcriptional activation by

deletion of this region (hence, the name ‘del’) (Sun et al., 2009).

Iterative addition of del copies delayed and decreased KNU

expression in line with the predictions for temporal

transcriptional activation. Further characterization with del

mutants also showed that transcriptional activation was

modulated in a PRC2- and cell cycle–dependent manner. Taken

together, this work highlighted an example of temporal

transcriptional regulation in an AG-directed manner that is

modulated by a dynamic interplay between PRC2 activity,

chromatin environment, and the cell cycle.

KNU mediates floral meristem termination by directly

repressing WUS, but the extent of the role played by KNU in

fully ceasing cell proliferation in the floral meristem was unknown.

Shang et al. (2021) examined the range of KNU repressive

transcriptional activities in the floral meristem to elucidate floral

termination control within a limited temporal context (between

floral stages 6 to 8). Floral meristem proliferation activity ceases by

floral stage 6 when WUS is silenced by KNU (Shang et al., 2019).

KNU forms a part of two different repressive complexes to disrupt

WUS-mediated meristem maintenance. One complex is a histone

deacetylase (HDA) complex composed of the co-repressor

TOPLESS (TPL), HDA19, and the protein encoded by the AG

target geneMINI ZINC FINGER2 (MIF2), which acts as an adaptor

protein between KNU, TPL, and HDA19 (Bollier et al., 2018; Pelayo

et al., 2021). The other repressive complex is a KNU–PRC2

complex. Initially, KNU binding to the WUS locus results in

eviction of the WUS activator SYD and subsequent chromatin

compaction. KNU then mediates PRC2 binding to the WUS locus

by interacting with the PRC2 component FIE, and stable WUS

repression is achieved by deposition of H3K27me3 marks on the

gene region (Sun et al., 2019; Pelayo et al., 2021). In this study, the

authors demonstrated that KNU activity for floral meristem

termination is not limited to WUS repression but also includes

the direct repression of other components of the WUS feedback

loop for meristem maintenance, namely the WUS target

CLAVATA3 (CLV3) and CLV1, encoding the CLV3 polypeptide

and its cognate receptor CLV1. CLV3 and CLV1 expression
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decreases upon KNU induction; in addition, KNU binds directly

to the CLV3 and CLV1 promoters, indicating that KNU directly

represses both genes. Additionally, significant H3K27me3

enrichment at the CLV3 locus may also be a consequence of

KNU binding through establishing the KNU–PRC2 complex on

the locus. In vitro, KNU was shown to disrupt WUS–WUS and

WUS–HAIRY MERISTEM1 (HAM1) interactions essential for

WUS-mediated meristem maintenance. The authors also showed

that KNU functions across all cell layers of the floral meristem for

proper flower formation. Multilevel KNU repressive activity in the

floral meristem coordinated by transcription factor networks and

dynamic histone regulation result in a robust regulatory module for

floral meristem termination ensuring that meristem maintenance

activities will cease within the appropriate spatiotemporal context

for proper flower development.
2.3 Conclusions and future prospects

The floral meristem is a pivotal aspect of floral architecture as it

gives rise to all floral structures. Floral meristem development,

including floral meristem specification and determinacy, takes place

in a 4D space, as it is regulated in 3D and over time. Studying floral

meristem regulation in four dimensions can be challenging, as most

available techniques can only capture one or two dimensions of this

progression at a time. However, recent technical and conceptual

advances now allow the examination of flower development,

particularly within the floral meristem, in four dimensions. This

close examination is achieved through spatially reconstructed 3D

atlases that integrate transcriptional inputs with morphological

outcomes in real time, as well as through high-resolution

transcription factor–chromatin interactions, which have a

substantial influence on temporal transcriptional regulation across

developmental transitions. Future work directed at integrating

transcriptomic data at single-cell resolution with the epigenome,

which was recently reported for mammalian systems but currently

unavailable in plants, should greatly advance our understanding of

floral meristem development in four dimensions (Minton, 2023;

Zhang et al., 2023). For example, the use of these atlases to examine

epigenetic factor expression patterns and their downstream targets

within the context of their different functions at distinct floral stages

will be of significant interest. In addition, although there is

substantial knowledge about the transcriptional control

underlying floral meristem development, much remains to be

understood regarding the genetic and epigenetic mechanisms

behind this regulation. For example, how the floral homeotic

transcription factors achieve regulatory specificity remains

unclear; how chromatin remodelers and modifiers exert their

tissue-specific activities is only recently being uncovered

(Bieluszewski et al., 2021; Bieluszewski et al., 2023; Goslin et al.,

2023). Addressing these issues will be vital in shaping a holistic view

of floral meristem development, as well as of overall

flower development.
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