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PUBLIC SUMMARY

= Plant development determines agronomic traits.
= Plant development is the basis for domestication.

= Whole life-cycle plant development illustration facilitates smart breeding and intelligent cultivation.
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Plant development is a serial and dynamic process thatencompasses various
stages, from embryogenesis to senescence, influenced by both genetic and
environmental factors. This review provides an in-depth exploration of the
mechanisms underlying plant growth and development, highlighting key
morphogenesis processes such as photomorphogenesis, plant growth,
shoot branching, floral transition, flower development, fruit development
and reproductivity specification. We delve into the molecular genetics of
plant development, focusing on regulator and signaling pathways that
govern critical developmental events. Furthermore, we discuss the role of
phytohormones, including auxins, cytokinins, gibberellins, abscisic acid, and
ethylene, in regulating developmental transitions. The interaction between
plants and their environment, particularly light, temperature, and nutrient
availability, is also examined, emphasizing how these external cues impact
developmental pathways. Overall, this comprehensive overview offers
insights into the intricate interplay between genetic programs and environ-
mental stimuli in shaping plant architecture and life cycle, which will facili-
tate smart breeding and intelligent cultivation.

INTRODUCTION

Plant development embodies one of nature's most profound and intricate
processes, where a minute seed unfurls into a magnificent organism capable
of sustaining life on Earth. This extraordinary process, termed ontogeny,
encompasses germination, growth, differentiation of tissues, organ formation,
and ultimately reproduction. It reflects a harmonious interplay between
genetics, hormonal signaling, and environmental responses, each playing a
pivotal role in shaping the plant's form and function.’

The tale begins with germination, a critical transition from dormancy to
developmental activity. A seed equipped with stored nutrients and a protec-
tive coat awaits the optimal combination of moisture, temperature, and in
some cases, light to break its slumber. Once triggered, enzymes degrade
storage molecules, providing energy for the emerging radicle, the embryonic
root. Concurrently, the plumule, which will become the shoot, perceive light
signals and push upwards to complete photomorphogenesis. This initial
phase sets the stage for subsequent developmental events, highlighting the
plant's remarkable sensitivity to environmental stimuli.

Following germination, plants enter postembryonic stages, in which all the
organs and tissues iteratively occurs from shoot apical meristem (SAM), a
reservoir of meristematic cells that nestled at the apex of growing stems and
branches that drives vegetative growth and architectural determination.” The
SAM orchestrates the continuous production of new organs, including leaves,
flowers, fruits, and lateral branches, and the upward extension of the plant
body, each meticulously positioned and timed according to the plant's

genetic blueprint and environmental cues, thereby shaping the plant's overall
form and stature.*

Notably, among the produced organs, flowers and fruits are unique to
angiosperms (i.e., flowering plants) and represent key innovations in the
history of plant evolution.** From a developmental point of view, flowering
marks the transition from vegetative growth to reproductive development.’
The remarkable diversity of flowers and fruits not only significantly improves
the reproductive efficiency of flowering plants, but also produces plentiful
food sources that human beings and animals rely on for survival. Moreover,
the origin and diversification of flower and fruit enables by diverse pollination
and dispersal strategies, fueled the rise and adaptive radiation of
angiosperms, profoundly reshaping terrestrial ecosystems.

A critical turning point of flowering plant development is characterized by
the production of germline cells, which is essential for sexual reproduction.
Unlike animals that establish germline precursors during embryogenesis,
angiosperms specify germinal lineages late in development from floral
somatic tissues. A mature sporophyte, derived from embryonic development
of the seed, consists almost entirely of somatic cells. Within floral organs,
specific somatic cells undergo epigenetic reprogramming to initiate germline
fate.”"" Crucially, meiotic recombination during sporogenesis and random
fertilization ensure genetic diversity across life cycles. This process regener-
ates the diploid sporophyte through seed formation, completing the hetero-
morphic alternation of generations characteristic of angiosperms.'” In the
anthers, pollen mother cells undergo meiosis to produce pollen grains (male
gametophytes)," while in the ovules, megaspore mother cells undergo meio-
sisto yield megaspores that develop into embryo sacs (female gameto-
phytes).”"" These gametophytes house reproductive cells, sperm, and egg
cells. The process of fertilization, involving the union of sperm and egg cells
within the embryo sac, initiates the development of a new seed, setting the
stage for the next life cycle.'”'" This cycle ensures genetic diversity through
the production of gametes for fertilization.

During the establishment of plant architecture, auxin, cytokinin (CK),
gibberellin (GA), abscisic acid (ABA), ethylene, brassinolide (BR) and strigolac-
tone (SL) act interactively to create a dynamic balance, ensuring that the
plants' growth is adaptive and efficient.'® Genetic programs, such as genes
encoding transcription factors and signaling proteins, are activated in precise
spatial and temporal patterns.”'“*' The ABC model of flower development, for
instance, illustrates how combinations of three classes of genes direct the
formation of sepals, petals, stamens, and carpels. Epigenetic modifications,
such as DNA methylation and histone tail alterations, further refine gene
expression, enabling plants to respond to environmental changes without
altering their genetic blueprint."*'® Environmental factors, such as light,
temperature, and nutrient availability, act as vital conductors in this
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Figure 1. Light signaling pathways regulating photomorphogenesis in Arabidopsis The diagram depicts all identified photoreceptors in Arabidopsis, including the UV-B recep-
tor UVR8, blue/UV-A light receptors cryptochromes (CRYs), the LOV-domain/F-box proteins ZTL/FKF1/LKP2 (collectively referred to as ZLF), PHOTSs, and red/far-red light recep-
tors phytochromes (PHYs). Each of these photoreceptors has a specific absorption spectrum, indicated by their respective positions under the light wavelength in namometers
(nm). Upon light perception, these photoreceptors activate downstream signaling cascades that involve at least three core regulatory layers: transcription regulation, mRNA
methylation, and protein stability, thereby promoting the transition from skotomorphogenesis (dark-grown seedlings) to photomorphogenesis (light-grown seedlings). The
diagram also highlights key interacting proteins involved in each regulatory pathway, underscoring the complexity and coordination of light-mediated developmental responses

in plants.

symphony, fine-tuning the pace and pattern of development to ensure
survival and adaptation to the surrounding conditions.””** Understanding the
molecular mechanisms underlying plant development not only deepens our
knowledge of biological complexity but also holds the key to enhancing crop
yields, manipulating plant architecture, and mitigating the impacts of climate
change on global food security. In this review, we summarize the regulatory
mechanisms involved in different morphogenesis stages to provide a whole
perspective on plant aboveground development, which will provide clues for
further manipulations of crop development using genetic approaches.

PHOTOMORPHOGENESIS: TO LIVE OR TO DIE?

Light is important for our life. In addition to its well-known role as an
energy source for plant photosynthesis, it is also an important environmental
signal that regulates plant growth. In respond to changing light conditions,
plants perform appropriate physiological reactions and developmental
programs, including seed germination, seedling de-etiolation (the transition
from skotomorphogenesis to photomorphogenesis), vegetative growth, organ
orientation, and the transition to reproductive development.”>*® The transition
from full darkness beneath the soil to white light initiates de-etiolation. Etio-
lated seedlings exhibit slender, elongated stem, a hook-like curvature at the
apex, small yellow-white leaves, with undifferentiated chloroplasts and no
chlorophyll biosynthesis, as well as inhibited root elongation and reduced
lateral root production. In contrast, light-grown seedlings develop short
hypocotyls as well as open, expanded, and green cotyledons to increase
photosynthesis. This developmental switch presents a life-or-death choice:
exhaust finite resources, or deploy them to achieve photosynthetic auton-
omy (Figure 1).

Photoreceptors mediate light-regulated photomorphogenesis

Although plants lack a dedicated "eye" organ, they utilize a series of
photoreceptors to perceive external light signals, which act as their "eyes” to
orchestrate growth and development across the entire life cycle.”” Among the
various regulatory processes controlled by these photoreceptors, photomor-
phogenesis is the most extensively studied. Taking the model plant

Arabidopsis thaliana as an example, in the 1970s, only phytochrome was
known as photoreceptor.”” Phytochrome is a bilin-binding protein that helps
plants respond to all red/far-red reversible reactions. Due to scientists'
obsession with "how plants see light", this field has made rapid progress
(Table ST1). During nearly half a century of research, fourteen photoreceptors
have been identified, including five phytochromes (phyA-phyE), eight blue
light photoreceptors (two phototropins, three cryptochromes, and three F-box
family members), and the ultraviolet-B (UV-B) light receptor of UV RESIS-
TANCE LOCUSS (UVR8).”"”

As red/far-red light photoreceptors, phys exist as dimers and occur in two
photo switchable forms: the biologically inactive Pr form and the biologically
active Pfr form.” After light irradiation, phys translocate from the cytoplasm
to the nucleus to transduce light signal by interacting with downstream
factors, thus promoting photomorphogenesis.”'* Blue light receptors consist
of three different types of proteins. The plasma membrane-associated
proteins phototropin1 (PHOT1) and PHOT2 contain two LOV domains that
sense blue light and a serine-threonine kinase domain to modify down-
stream effectors.®** PHOT1 and PHOT2 mediate a series of light
responses—including phototropism, stomatal opening, chloroplast relocation,
leaf development and suppression of hypocotyl elongation—that collectively
promote photomorphogenesis, ensuring proper light adaptation.  Cryp-
tochromel (CRY1) and CRY2 undergo photoresponsive photoreduction and
homo-oligomerization, leading to their physiological activation. This enables
them to mediate blue light-inhibited hypocotyl elongation, regulate the shade
avoidance response, and modulate the circadian clock, thereby playing
central roles in photomorphogenesis.** The latest research has found that
blue light not only activates the function of CRY2 under blue light but also
turns off the function of CRY2 in darkness.” Non-photoactivated CRY?2 at the
root tips suppresses further root elongation, whereas in aerial tissues, it
participates in the diurnal cycle to regulate photomorphogenesis, thereby
contributing to the rational allocation of growth energy during early develop-
mental stages. It updates our understanding of photoreceptors and revealing
their dual identity in morphology regulation. CRY3 is localized at chloroplasts
and mitochondria,"’ but its physiological function remains to be discovered.
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The third type of blue light receptor, ZTL family members, primarily influence
the circadian clock and photoperiodic flowering, although they also modulate
light-regulated development.*'** In 2012, a UV-B photoreceptor was unex-
pectedly discovered and even had a crystal structure, making it the latest
known photoreceptor to be discovered but the earliest to have its full-length
structure elucidated.””* The dimeric structure of the UVRS8 protein dissoci-
ates into signaling-active monomers upon UV-B exposure, and these
monomers rapidly interact with downstream signaling components to regu-
late gene expression.”* Structural biology information provides a basis for
understanding how photoreceptors perceive and respond to different wave-
lengths of light. In 2016, scientists identified that the Blue-light Inhibitors of
Cryptochromes (BICs) protein could negatively regulate the activity of CRYs
in Arabidopsis.* Later, structural biologists discovered that blue light
promotes the oligomerization of CRY2, and the constitutively active CRY2
mutant exists in both dimeric and tetrameric forms.”® BIC2 acts as a rope,
binding to the "antenna" CRY2, preventing it from interacting with other
proteins and thus inhibiting signal transduction.” The cryo-EM structure of
phyB in the inactive Pr state reveals a complex topology, with the PhyB dimer
adopting a head-to-tail parallel arrangement of N-terminal photosensory
module (PSM) and a head-to-head arrangement of the histidine-kinase-
related domain (HKRD).*" Red light triggers a conformational shift in the
phytochrome-specific domain which consequently disrupts the head-to-tail
dimerization of PSM.** This alteration enables the recognition and binding to
downstream factor PIF6. The cryo-EM structure of phyA in the Pr state
shows differences from that of phyB in the PSM domain, HKRD domain, and
dimerization interface, which confer high photosensitivity to phyA.”” Thsse
plant “eyes" regulate various photoresponses redundantly, coordinately, or
antagonistically, partially through physical interactions between photorecep-
tors and the common downstream signal transduction components
(Figure 1).

Light signal transduction pathways and transducers

Light-induced conformational changes enable photoreceptors to interact
with signaling partners. Most studies have shown that photoreceptors utilize
common transcription factors to integrate different wavelengths. All of the
photoactivated phys, CRYs and UVR8 interact with the basic helix-loop-helix
(bHLH) transcription factors PHYTOCHROME INTERACTING FACTOR4 (PIF4)
and PIF5, which are major negative regulators of photomorphogenesis, to
inhibit their DNA binding activity and disturb transcription of downstream
targets.”*” PIFs occupy a central hub position in the light signal transcription
network and tightly integrate light signals with endogenous hormones to
modify plant growth.** PIF4 binds to promoters of YUCCAS8 (YUCS) to regu-
late auxin biosynthesis.” PIF4 interacts with transcription factors BRASSINA-
ZOLE RESISTANT1 (BZR1) and BRIT-EMS-SUPPRESSOR1 (BES1) to elevate
BR levels and promote cell elongation.”>*® Protein levels of PIFs are nega-
tively regulated by DELLASs, the key repressors of GA and mediators of photo-
morphogenesis  suppression in darkness.”” PIF4 interacts with the
ETHYLENEINSENSITIVE3 (EIN3)/EILT, the master transcription factor in the
ethylene signaling pathway, to promote hook formation. Jasmonic acid (JA)
inhibits hook development through MYC2-PIF4 interaction.”® Photoreceptors
not only regulate photomorphogenesis through PIFs but can also directly
interact with hormone-related transcription factors to control growth. For
example, photoexcited CRY1 and phyB directly interact with the
AUXIN/INDOLE-3-ACETIC ACID-INDUCIBLE (AUX/IAA), ARF6 and ARF8 tran-
scriptional regulators to either protect them from degradation or regulate
their DNA-binding activity, thus modulating auxin signaling and cell elonga-
tion.”** CRYs and UVRS interact with the transcription factors BES1 and
BEST-INTERACTING MYC-LIKET (BIMT1), which mediate BR-promoted plant
growth, to inhibit their DNA binding activity and thus repress hypocotyl elon-
gation.”"*” These transcription factors establish a complex and precise regu-
latory network, enabling hormones to jointly regulate photomorphogenesis.

Posttranslational protein modifications are another central mechanism by
which photoreceptors initiate downstream signaling cascades. Among these,
the E3 ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1), a
central repressor of photomorphogenesis, stands out as the most classic
downstream effector molecule of photoreceptors. Light-activated phys,
CRYs, and UVR8 repress the activity of the COP1, thus stabilizing the positive

regulators ELONGATED HYPOCOTYL5 (HY5)/ HY5-HOMOLOG (HYH) and
LONG AFTER FAR-RED LIGHT 1 (LAF1) to promote photomorphogenesis-
related gene expression.”® COP1 interacts with the VP domain, which is
present in both photoreceptors and downstream target transcription factors.
Competitive binding by photoreceptors sequestering COP1 from its interact-
ing substrate proteins. COP1 controls the stability of phys and CRYs to form
feedback regulation.”*® COP1 positively regulates PIF3 and EIN3/EIL to
maintain skotomorphogenesis by targeting EIN3-BINDING F-BOX PROTEIN1
(EBF1) and EBF2, the ES ligases for PIF3 and EIN3/EIL, for ubiquitination and
degradation.”""* EIN3/EIL are inhibited by phyB, thus attenuating ethylene
responses and promoting photomorphogenesis.”” Under UV-B light, COP1
subverts its canonical role as a photomorphogenesis repressor by degrading
REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1 (RUP1)/RUP2, which
stabilizes HY5 and triggers a functional reversal. This mechanism under-
scores COP1's versatility in fine-tuning light responses across wavelengths.”
In addition to its role as an E3 ubiquitin ligase, COP1 promotes the nuclear
retention of UVR8 through their interaction within the nucleus, thereby
enhancing UVR8-mediated photomorphogenesis.” Besides COP1, the E3
ubiquitin ligase LRB1 (Light-Response Bric-a-Brack/Tramtrack/Broad) and
LLRB2 are also involved in modulating the stability of photoreceptors and key
light signaling proteins. LRBs promote concurrent polyubiqutination and
degradation of both PIF3 and phyB.” COP1 and LRBs catalyze the ubiquiti-
nation and degradation of CRY2 protein under different light conditions
(continuous or transient light).” Additionally, LRB promotes the rapid degra-
dation of CRY2 under low-temperature conditions, thereby participating in the
process of photomorphogenesis at low temperatures.”” Recent studies have
revealed that CRY regulates photomorphogenesis by modulating the
autophagy pathway. In particular, CRY1-dependent inhibition of HY5 selec-
tive autophagy plays a key role in this process, underscoring the mechanistic
diversity of post-translational control in light signaling.”

In addition to the previously mentioned light regulation of transcription and
protein stability, recent studies have revealed new progress in the light regu-
lation of MRNA metabolism. Photoreceptors have been shown to transduce
signals through alternative pre-mRNA splicing (AS). PhyB can directly inter-
act with splicing factors, including REDUCED RED-LIGHT RESPONSES IN
CRY1CRY2  BACKGROUNDI (RRC1),  SPLICING FACTOR  FOR
PHYTOCHROME SIGNALING (SFPS), and SUPPRESSOR-OF-WHITE-APRI-
COT/SURP RNA-BINDING DOMAIN-CONTAINING PROTEINT (SWAPT), form-
ing a ternary complex to promote photomorphogenesis.”” The red light-
dependent interaction between phyB and these splicing factors may confer
specificity to AS in light signaling. Another splicing factor, SWELLMAP 2
(SMP?2), also physically interacts with phyB, and SMP2 genetically acts down-
stream of phyB to negatively regulate seedling photomorphogenesis.” Photo-
activated phyB also induces a specific intron retention in the 5" UTR of PIF3
MRNA, thereby inhibiting PIF3 protein synthesis to promote photomorpho-
genesis,”' although the splicing factors involved in this process have not yet
been identified. It has been reported that CRY2 also interacts with splicing
factors, among which CRY2 INTERACTING SPLICING FACTOR 1 (CIS1) is
associated with CRY2 in a blue light-dependent manner to regulate the alter-
native splicing of FLOWERING LOCUS M (FLM), a process critical for temper-
ature modulation of flowering.*” Whether CIS1 also mediates CRY2 signaling
to regulate photomorphogenesis under different temperatures remains to be
further investigated. Moreover, additional pathways and detailed mecha-
nisms through which CRYs regulate alternative splicing during photomor-
phogenesis remain to be discovered. In parallel, emerging evidence high-
lights a novel role for CRYs in the regulation of mRNA methylation. Blue light
positively regulates mRNA methylation in Arabidopsis, and CRYs mediate this
response by promoting the photo-condensation of the N®-methyladenosine
(m®A) writer complex, which includes MTA, MTB, FKBP12-interacting protein
37 (FIP37) and FIONAT(FIO1) writer complex.** Blue light promotes the
formation of the condensed nuclear CRY2/SPAT photobody, which recruits
and activates FIOT1, resulting in a sustained increase of N®-methyladenosine
(m®A) deposition at the RRACH-like sequences of mRNAs and increased
translation of these mMRNAs.** Future investigations into the regulation of
MRNA metabolism by photoreceptors are expected to yield further novel
insights, advancing our understanding of light-mediated gene expression
control in photomorphogenesis (Figure 1).
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Figure 2. Genetic network regulating plant height Gibberellins (GAs) regulate plant
height by controlling stem elongation DELLA proteins (e.g., GAI and SLR1) inhibit cell
division by repressing transcription factors (e.g., TCP), but undergo GA-induced ubig-
uitination and degradation, releasing cell cycle suppression and promoting stem elon-
gation. Brassinosteroids (BRs), regulate plant height by influencing cell expansion,
apical meristem development, and microtubule dynamics through signaling compo-
nents, such as the receptor BRI1, the kinase GSK2, and the transcription factors BEST,
BZRs and DLT. BEST, BZR1 and DLT increase GA levels, while DELLA proteins repress
activities of BES1 and BZR1, thus mediating the coordinative regulation on stem elon-
gation. Arrows indicate positive regulation, while lines ending with vertical bars repre-
sent repressive regulation. Dashed line indicates indirect mechanism.

When photomorphogenesis meets temperature

Photomorphogenesis is often accompanied by other environmental
changes, such as temperature. There is crosstalk between photomorpho-
genesis and thermomorphogenesis.”® Photoreceptors sense the difference
between darkness and light, the level of irradiance, and also temperature. In
particular, phyB senses temperature by changing the pool of light-activated
Pfr (active form of phytochrome) and spontaneous phase separation.®*
Phots perceive temperature to arrange chloroplasts for optimal photosynthe-
sis while minimizing photodamage.”” CRY1 that mediates blue light can
repress high-temperature-promoted hypocotyl elongation.”’ CRY2 proteins
are degraded at low ambient temperatures by LRB proteins via the 26S
proteasome.”’ The loss of ZTL or UVRS function results in defects in warm-
temperature-promoted hypocotyl elongation, mainly by affecting PIF4 and
auxin-related gene expression.”*
factors in morphogenesis are important for plant survival, and they will be the
focus of future research into plant morphogenesis.

PLANT HEIGHT REGULATION

Following the establishment of photomorphogenesis, which sets the foun-
dation for early seedling development, plants transition into the vegetative
growth phase, where key agronomic traits such as plant height regulation
and shoot branching become critical. The formation of aboveground plant
architecture is mainly determined by the activities of the meristems. Plant
height is closely related to cell division and expansion of the shoot apical
meristem and intercalary meristem.” In the SAM, cells with high divisional
activity continuously divide and proliferate to drive shoot growth, while the
intercalary meristem supports continued cell division after maturation and
promotes stem elongation. GAs and BRs play crucial roles in plant height by
regulating cell division and expansion (Figure 2).

Gibberellin

GAs, a class of diterpenoid phytohormones, are pivotal in determining plant
height through the regulation of stem elongation. Mutations in the biosynthe-
sis and signaling pathways of GA lead to changes in plant height. The Green
Revolution gene in rice, Semidwarf 1 (SDT), encodes the rate-limiting enzyme

REVIEW

GA200x in the GA biosynthetic pathway. Mutations in SDT produce a highly
truncated enzyme, resulting in reduced endogenous GA synthesis and a
semidwarf phenotype (Table S2).°* The Arabidopsis GA-INSENSITIVE (GAI)
gene encodes a DELLA protein which inhibits the transcriptional activity of
the transcription factor TCP, thereby reducing the expression of genes essen-
tial for cell division.” In rice, the GAI homologue protein SLENDER RICET
(SLR1) interacts with the GA receptor GIBBERELLIN INSENSITIVE DWARFT
(GID1) in the presence of GA. This interaction promotes the ubiquitination and
subsequent proteasomal degradation of SLR1, relieving the suppression of
cell division.”® Consequently, rice gid7 mutants exhibit a dwarf phenotype,
whereas slr7 mutants exhibit increased plant height. In wheat, the Reduced
height-1 (Rht-T) gene, a homologue of GAJ, initiates tissue-specific transla-
tional reinitiation to generate an N-terminally truncated form of the DELLA
protein, which is insensitive to GA-mediated degradation, leading to a semid-
warf phenotype.”” DELLA proteins further regulate plant height by modulating
the stability or transcriptional activity of their interacting proteins. The GA-
triggered degradation of SLR1 not only promotes stem elongation but also
triggers the degradation of MONOCLUM1 (MOC1), leading to reduced
tillering.” This discovery elucidates the molecular mechanism coordinating
tillering and plant height regulation in rice.

Brassinosteroids

BRs are a class of steroidal hormones that regulate cell expansion and
participate in cell wall remodeling activities.”'” BRs impact plant height
through their influence on the development of the apical meristem, cell divi-
sion, microtubule formation, and directional control.””" In rice, the DWARF2
(D2) and DWARFT1 (D17) genes encode proteins involved in BR biosynthesis,
and the d2 and d77 mutants exhibit dwarf phenotypes due to abnormal BR
synthesis (Table S2)."%7'% The BR signal is perceived by the receptor BR
INSENSITIVET (BRIT), which further represses GSK3/SHAGGY-like kinase 2
(GSK2) kinase to release its repression on the downstream transcription
factors such as BRIT EMS SUPPRESSOR1 (BES1), BRASSINAZOLE-RESIS-
TANT 1 (BZR1), and DWARF AND LOW-TILLERING (DLT)."""*" BES1 modu-
lates plant height by regulating BR-responsive gene expression together with
its interaction proteins.'”®'™ BRs may regulate microtubule formation and
orientation to modulate cell elongation through 0sBZR1 and its downstream
targets.'"” OsDLT interacts with ORYZA SATIVA HOMEOBOX 15 (OsOSH15)
to modulate rice internode elongation by orchestrating BR signaling and
metabolism.'™""" BRs also work in concert with GAs and other phytohor-
mones to regulate plant height. For instance, BRs enhance GA levels and cell
elongation by activating the GA biosynthesis gene OsGA30x2 and inhibiting
the GA inactivation gene OsGA20x3."*'"" In addition, the BZR1 and DELLA
proteins interact with each other, mediating the crosstalk between BR and GA
signaling pathways.'“ The negative regulator DELLA proteins in the GA
signaling pathway interact with transcription factor BZR1 to inhibit the activity
of BZR1 (Figure 2).'"

Regulation of other factors

In addition to GAs and BRs, auxin and SLs have also been recognized as
critical regulators of plant height (Figure 2). Auxin regulates plant height
through its polar transport. Transporters such as OsPIN2 and P-glycopro-
teins (PGPs) establish auxin distribution patterns in the stem of rice, maize
and sorghum. These patterns then modulate cell elongation and internode
development, consequently regulating plant height.''""” The auxin signaling
component TaARF12 promotes stem elongation and shows interaction with
DELLA proteins in wheat.'"® Furthermore, the auxin and BR signaling path-
ways cooperatively regulate plant height through the SMOS1-SMOS2/DLT
complex in rice.''? SLs promote plant height in different plant species as indi-
cated by the dwarf phenotypes of SL deficient and signaling mutants. But the
precise mechanism through which SLs regulate plant height remains to be
elucidated. Recent research identified the regulatory module of GhD53-
GhGARF-GhPH1/PAVP*! by which SLs promote plant height via influencing
the endogenous GA levels in upland cotton.'”” SLs may also regulate plant
height by affecting polar auxin transport (PAT), as indicated by the enhanced
PAT in SL deficient mutants.'”"'?” Moreover, numerous genes regulate plant
height by modulating cell wall development, cytoplasmic glutamine synthesis,
RNA editing, cell division, the ubiquitin—proteasome pathway, and fatty acid
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metabolism.'” The comprehensive mechanisms underlying plant height
regulation and crosstalk between plant height and other architecture features
need further investigation.

SHOOT BRANCHING

With plant growth, shoot branching begins to originate from the axillary
meristem (AM). After AM specialization and bud formation, the lateral buds at
the axils develop into lateral branches. Shoot branching is predominantly
regulated by genetic factors, plant hormones, and external environmental
signals. The branch number is determined by the activities of AMs and lateral
buds. Plant hormones such as SLs, auxin and CKs affect shoot branching by
regulating the elongation of lateral buds. Environmental signals affect
branching architecture mainly by altering physiological and metabolic
processes and endogenous hormone levels. Shoot branching is closely
related to panicle number, plant density, photosynthesis, water and nutrient
absorption, thus having profound effects on crop yield. Understanding the
principles of shoot branching will facilitate crop design for ideal plant archi-
tecture, increased grain yield, and sustainable agricultural mechanization
(Figure 3 & Table S3).

Genes controlling axillary meristem formation

Axillary meristem formation involves meristem initiation and development
of meristem, which is regulated by a group of transcription factors. The
'lateral suppressor (Is) mutant in tomato exhibited defects in meristem initia-
tion."* The monoclum1 (mocT) mutant in rice has only a single primary stem
with no tillers,'* and the lateral suppressor (las) mutant in Arabidopsis shows
a defect in lateral shoot formation. LS, MOC]1, and LAS are homologous
genes encoding GRAS family proteins that are critical for AM initiation during

the vegetative phase (Table S3). The LAS geneis required for the establish-
ment and maintenance of SHOOT MERISTEMLESS (STM) expression in the
AM.'” The transcription factor REVOLETA (REV), which is downstream of
LAS, directly upregulates STM expression to promote AM initiation.'”’
WUSCHEL (WUS) is essential for the maintenance and differentiation of SAM
by activating the expression of the secreted peptide CLAVATA3 (CLV3), which
in turn represses the expression of WUS.'”®'* MOC1 also functions as a co-
factor of MOC3, a homologue of WUS in rice,"” to promote the expression of
FLORAL ORGAN NUMBERT (FONT)."” In addition, WUS elevates its binding
ability to CLV3 by forming a heterodimer with STM."'

REGULATOR OF AXILLARY MERISTEM (RAX) encodes an R2R3-type MYB
transcription factor that is essential for the early development of AMs by
regulating the expression of CUP-SHAPED COTYLEDON (CUC) in the central
axillary domain. The rax7 mutant shows reduced number of rosette leaf
branches and the rax7 las double mutant exhibits an additive phenotype, indi-
cating that the RAX gene functions in a parallel pathway with LAS during AM
initiation.'**'#'** Blind (BJ) is the ortholog of the RAX genes in tomato and
pepper and regulate AM initiation,'**'** indicating a conserved role of RAX
genes in AM formation. The REGULATOR OF AXILLARY MERISTEM FORMA-
TION (ROX), which encodes a protein with a basic helix-loop-helix (bHLH)
domain, functions downstream of RAX to regulate AM formation.'*'*’

Genes controlling axillary bud elongation

After AM formation, axillary buds develop and form lateral branches under
appropriate conditions. Genes that promote bud arrest have been described
in both monocotyledons and dicotyledons (Table S3). The maize TEOSINTE
BRANCHED 1 (TBT) gene encodes a member of the TCP transcription factor
family that is specifically expressed in axillary buds and prevents bud
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outgrowth.**'*  Subsequently, its homologous genes were found in

Arabidopsis (BRCT),"" rice (0OsTB1),'""" pea (PsBRCT) and other plant
species.'* Loss of function of BRC1, OsTB1, and PsBRCT results in increased
number of branches and tillers,"**"** proving that TBT homologues have
conserved functions in repressing bud elongation. Light and SLs coordi-
nately regulate BRANCHEDT (BRCT) expression and shoot branching by
converging at the BRCT promoter.'* Sugar signaling regulates shoot branch-
ing partially through Sugar Transporter Protein 1 (STP1), which acts
upstream of BRCT to repress BRCT expression.'” CK and SLs regulate
branch development by inhibiting and promoting the local accumulation of
BRCI, respectively."**'“* SL and BR signaling coordinately regulate BRCT
expression and shoot branching through repressors of SL signaling
(SMXL6,7,8 and D53) and transcription factors involved in BR signaling (BES1
and OsBZR1)."*" The downstream signaling event of BRCT is also interesting.
BRC1 directly regulates the expression of HOMEOBOX PROTEIN 21 (HB21),
HB40 and HB53 to activate the expression of ABA biosynthetic gene NINE-
CIS-EPOXICAROTENOID DIOXIGENASE 3 (NCED3).'*® During the process of
axillary bud dormancy, the expression of ABA responsive and biosynthetic
genes is upregulated, and the application of ABA or overexpression of ABA
biosynthetic genes represses the growth of axillary buds and rice tillers,'“*'*"
indicating that ABA in turn inhibits bud growth.

Regulatory mechanism of plant hormones

SLs play fundamental roles in repressing branch number through the inhi-
bition of bud elongation (Figure 3). Based on the structure features, SL
compounds are divided into canonical and noncanonical SLs. Canonical SLs
probably act as signals to microbes and plants in the rhizosphere, while
noncanonical SLs are proposed to primarily function as plant hormones.”" In
Arabidopsis, the SL synthesis pathway mainly includes Arabidopsis
DWARF27 (AtD27), MORE AXILLARY GROWTH 3 (MAX3), MAX4, MAX1, CLA
methyltransferase (CLAMT), and Lateral Branching Oxidoreductase (LBO),
which are responsible for sequential catalysis from all-trans-B-carotene to 9-
cis-B-carotene, 9-cis-B-apo-10'-carotenal, carlactone, carlactonic acid (CLA),
methyl carlactonoate (MeCLA) and an SL-like product. The corresponding
mutants displayed multibranch phenotypes due to deficiency in SL biosyn-
thesis.'”

In the SL signaling pathway, the receptor protein DWARF14 (D14), F-box
protein DWARF3 (D3)/MAX2, and repressor protein D53/SUPPRESSOR OF
MORE AXILLARY GROWTH2-LIKE6,7,8 (SMXL6,7,8) form a complex upon SL
perception, triggering ubiquitination and degradation of D53/SMXL6,7,8
through the 26S proteasome.'*'* In the absence of SLs, D53/SMXL6,7,8
remain stable and recruit TPL/TPR proteins through their ethylene-respon-
sive element binding factor-associated amphiphilic repression (EAR) motif to
inhibit downstream signaling pathways. SMXL6, 7, and 8 function as tran-
scriptional repressors through interaction with transcription factors and
repressing the transcriptional regulatory effects of transcription factors on
target genes. For instance, SLs repress shoot branching by activating BRCT
transcription, which induces HB40 expression and promotes ABA biosynthe-
sis in lateral buds in Arabidopsis."*® In rice, SLs promote ABA biosynthesis
mainly through activating the expression of HOMEOBOX12 (OsHOX12) and
ABA  biosynthetic gene  9-CIS-EPOXYCAROTENOID  DIOXYGENASESs
(OsNCEDs).'* Ideal Plant Architecture 1 (IPA1) is a transcription factor that
directly binds and activates the OsTB7 promoter. D53 interacts with IPA1 and
represses its transcriptional activation. Moreover, IPA1 can directly bind to
the D53 promoter and promote D53 expression, forming a negative feedback
requlatory loop."”" Interestingly, SMXL6,7,8 can directly bind to their own
promoters and repress gene expression, demonstrating that SMXL6,7,8 func-
tion as transcription factors to regulate the homeostasis of SL signaling in
Arabidopsis.'*® Arecent study has demonstrated that SMXL5 also partici-
pates in the SL signaling pathway by inhibiting the SMXL7 degradation and
attenuating the downstream transcriptional regulation, thus regulating shoot
branching.”™ Notably, exciting research discovered that the microbial
metabolite cyclo (Leu-Pro) can directly bind to the SL receptor OsD14 and
activate the SL signaling pathway, thus repressing tiller development in
rice.'™ This suggests that the rhizosphere microbial community is also
involved in the regulation of shoot branching.

The endogenous levels and spatial-temporal distribution of auxin are

REVIEW

pivotal in the regulation of lateral branch development (Figure 3). Auxin is
mainly produced in the shoot apex and is transported to other parts of plants
through polar auxin transport (PAT). Auxin prevents lateral bud outgrowth
and establish apical dominance by regulating the secondary messengers CK
and SLs and by establishing an auxin gradient."™ On the one hand, auxin can
inhibit the growth of AMs by downregulating the activity of isopentenyl trans-
ferase (IPT), thereby suppressing CK biosynthesis and maintaining apical
dominance.’®" Auxin also upregulates the expression of MAX3 and MAX4
through their signaling pathway to promote SL synthesis and inhibit bud
outgrowth.'®” On the other hand, the growth of lateral buds depends on the
efflux of auxin from the buds through PAT, which relies on the efflux carrier
PIN proteins on the plasma membrane.'® SLs also reduce the accumulation
of PINT on cell membranes by removing PIN1 from the plasma membrane,
slowing or inhibiting auxin transport from the bud to the stem.'™ In addition,
auxin regulates lateral branch development via auxin synthesis, metabolism,
and signaling pathways.

BR, CK, ABA and GA are also important in regulating lateral bud growth
(Figure 3). In BR signaling, the key transcription factor BZR1 directly targets
and suppresses the expression of CUCS3, thereby affecting the expression of
LAS and inhibiting axillary bud formation. BES1 and OsBZR1 also bind directly
to the BRCT promoters, and SMXL6,7,8 and D53 repress BRCT expression
partially through interaction with BES1 and OsBZR1, indicating crosstalk
between BR and SL signaling in bud outgrowth.'*"'®"®" CKs activate WUS
expression during AM initiation and promote lateral bud development by
promoting cell division.'® The STM protein in Arabidopsis regulates meris-
tem proliferation by activating CK synthesis.'*'"® Moreover, CKs inhibit the
local accumulation of BRCT to promote lateral bud elongation.'* The biosyn-
thesis of ABA in buds is regulated by BRCT and plays an essential role in the
switch between bud dormancy and outgrowth, as mentioned above. The
increase in OsTB7 mRNA levels in the GA catabolic mutant GA20x correlated
well with increased tillering, indicating that GA may inhibit tillering develop-
ment in rice by repressing OsTB1 expression.'’" Moreover, GA promotes the
sustained growth of pea buds after auxin treatment,'”” suggesting that GA
may also regulate shoot branching through auxin transport and apical domi-
nance establishment.

Influence of environmental factors on shoot branching

The availability of nutrients in the soil, particularly nitrogen and phosphorus,
serves as critical environmental factor regulating branch development
(Figure 3). For instance, nitrate and ammonium ions in the soil can stimulate
rice tillering.” High nitrogen levels enhance the transport of CKs from roots to
shoots and promote shoot branching, whereas low nitrogen levels reduce CK
synthesis, resulting in reduced branching.”'”* Furthermore, low nitrogen levels
induce the expression of SL biosynthetic genes in roots, leading to increased
SL content and decreased shoot branching.'*'” Importantly, low nitrogen
also induces phosphorylation of the SL receptor D14 to stabilize D14 and
enhance SL perception, thus repressing tiller development in rice.'’

Nitrogen-mediated Tiller Growth Response 5 (NGR5), a nitrogen-induced
transcription factor, plays a pivotal role in nitrogen-mediated chromatin
remodeling and regulates the expression of genes involved in tillering devel-
opment. NGR5 can be recognized and degraded by the GA receptor GIDT,
mediating the inhibitory effect of GA on tillering development.'”” Nitrogen
supply inhibits the expression of 0sSTP28, which results in glucose accumu-
lation in the apoplast of tiller buds and in turn suppresses the expression of a
transcriptional inhibitor OSH15, thus activating gibberellin catabolism in
shoot base and promoting the rice tiller number.'” In addition, OsSTCP19 is a
critical transcription factor that regulates rice tillering in response to nitrogen
and is capable of directly binding to the Dwarf and Low-Tillering (DLT)
promoter in the BR signaling pathway, thereby regulating tiller number.'”
Furthermore, polar auxin transport and the expression of auxin transporters
are responsive to N limitation and ammonium application, leading to changes
in auxin levels and lateral bud elongation.'®'?!

Phosphorus deficiency reduces tiller number, and PHOSPHATE STARVA-
TION RESPONSE2 (0OsPHR2) is the master transcription factor involved in
tiller repression under Pi deficiency.'® Low-Pi stress also significantly
enhances the synthesis of strigolactones. Pi deficiency results in a several
hundred-fold increase in SL content in rice roots and activates SL signaling
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Figure 4. Regulated transition of flowering via new
FTG Screening of flowering time genes (FTG) is
never stopped Traditionally, floral transition makes
the shoot apical meristem (SAM) turn to inflores-
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TILLER ANGLE CONTROL 1 (TACT), thus
reducing the branch angle when Arabidopsis is
grown under continuous dark or far-red light
conditions.'®™ Understanding the molecular
mechanisms of light-regulated shoot branch-
ing is essential for the breeding of crop vari-
eties with reduced shade avoidance syndrome
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pathways to suppress tillering by elevating OsTB1 expression levels.'®
Dissecting the regulatory mechanisms underlying tillering regulation by soil
nutrients, such as nitrogen and phosphorus, is crucial for minimizing fertilizer
use in agriculture, enhancing crop yields, and achieving sustainable agricul-
tural development.

Light influences plant growth and development, particularly by affecting the
number and angle of shoot branches (Figure 3). Plants sense changes in light
quality through light signal receptors such as phyA, PhyB, UVR8, and CRY1/2.
These receptors relay signals to downstream factors, subsequently modulat-
ing the expression of target genes such as BRCT to either inhibit or promote
bud elongation.”™ Phytochrome and SL signaling synergistically regulate
branch development through SQUAMOSA PROMOTER BINDING PROTEIN-
LIKE9,15 (SPL9,15) and SMXL6,7,8, which form protein complexes to control
BRC1 expression. In addition, FAR-RED ELONGATED HYPOCOTYL3 (FHY3)
and FART-RED IMPAIRED RESPONSET (FART1) also directly upregulate the
expression of SMXL6 and SMXL7 to promote branching.'*® CONSTITUTIVE
PHOTOMORPHOGENESIS 1 (COPT) is a core inhibitor of the light signaling
pathway that suppresses the expression of the branch angle control gene

Md: Malus x domestica Borkh.

En: Erysimum nevadense

gers the phosphorylation of LAZY proteins,
which facilitates the enrichment of LAZY
proteins on amyloplasts and the repolariza-
tion of LAZY proteins on membrane, thus
resulting in asymmetrical auxin distribution
and promoting differential root growth.'® It is
interesting to investigate whether LAZY
proteins sense gravity in shoot through a conserved mechanism and to eval-
uate its contribution to branch angle.

ea mays

TRANSITION TO FLOWERING CAN OCCUR ONCE OR REPEATEDLY

With appropriate environmental signal, plants will transit form vegetative to
reproductive development, which termed as floral transition. During the tightly
regulated developmental transition, the SAM undergoes morphological
changes toward the inflorescence meristem (IM).'*” The IM further gives rise
to floral meristems (FMs, Figure 4) and axillary meristems (AMs, Figure 3) at
the flanking regions, which further grow out in a relative order and number
and ultimately become various types of plant inflorescence architectures.'*
Annual plants, such as the model organisms A. thaliana Columbia-0 and
most crops Oryza sativa ssp. indica, undergo irreversible floral transition one
time in the lifespan. The majority of perennial plants, such as the arctic-alpine
Arabis alpina,®" Populus trees'® and newly interspecifically hybridized Asian
rice Oryza sativa ssp. indica RD23,'* repeatedly flower in consecutive
seasonal growth periods and maintain vegetative growth even after flowering
(Figure 4A).
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This critical switch occurring in favorable conditions is one of the most
important life-history strategies for plant adaption to growth conditions.
Active SAMs of all annuals and a few unique perennials completely convert to
inflorescence and flower meristems and thus produce a massive flowering
episode and sufficient seeds immediately followed by the phase of whole-
plant senescence and death. These plants are also known as monocarpic
plants (Figure 4A). In modern agricultural cropping system, cereal crops, such
as maize, rice and barley, and prominent oil crops like soybean and sunflower,
can complete their life cycles in a calendar year despite being kept in optimal
environments. In the plant kingdom, some extreme perennials, such as
bamboo'** and silversword, may live for many years before a single flowering
and subsequent death. In contrast, most perennial species use a polycarpic
life strategy, in which only converted IMs stop growing after seed production
and more importantly maintain a supply of vegetative SAMs for permits of
the next rounds of growth in future seasons. Moreover, some perennials can
cycle back and forth between vegetative and reproductive growth modes
because reproductive meristems are still able to change back to the vegeta-
tive meristems even after flowering. The in-between seasonal life expectancy
is the character of biennial plants, which remain vegetative the first year,
reproduce the second year, and then die. Biennials are relatively rare in the
angiosperms, and the winter oil crop Brassica napus and winter cereal crop
wheat (Triticum aestivum) are both considered as the important herbaceous
biennial plants. Differences in flowering behavior between annual and peren-
nial plant species contribute to different life adaptation strategies. Plants
dynamically sense seasonal environment, mainly changing in day length, light
quality, light strength, temperature, and nutrients (Figure 4). With comprehen-
sive studies in the last century, hundreds or even thousands of flowering time
genes (FTG) from up to eight hundred diverse plant species have been identi-
fied."® The identification of several well-characterized functional genes unveil
regulatory networks, which allow floral transition to occur in a tightly
controlled manner. To date, the model plant A. thaliana contains more than
three hundreds of FTG, which play specific or multi-layer roles through
photoperiod, vernalization, aging or phytohormone pathways.'”® In the
allopolyploid plant B. napus, the FTG has largely increased to more than thir-
teen hundreds because of the whole genome triplication.'”” Most ortholo-
gous FTG get triplicated, but some remain at low copy numbers, which may
result from domestication. In B. napus, the flowering time integrator FLOW-
ERING LOCUS C (FLC) has even nine or ten paralogues in different acces-
sions, each of which shows different expression dynamics resulting in a wide
range of vernalization requirements and adaptive flowering time in response
to different levels of cold conditions.'**

Here, we will pinpoint some recent interesting findings of novel important
regulators and additional in-depth molecular mechanisms in flowering time
regulation and then broaden the discussion to neofunction of classic FTG and
subfunction of FTG orthologs (Figure 4 & Table S4).

New flowering time genes and novel regulatory mechanisms

Regulation of flowering time has been well studied in the model dicot plant
A. thaliana’ and the cereal monocot crop rice.'”*”” Generally, plants sense
seasonal cues, such as changes of photoperiod and temperature, to trigger
phase transition (Figure 4). These processes are concisely regulated by
hundreds of functional genes, in terms of responsive cues and regulatory
networks that have been well summarized into several flowering time path-
ways. Plants receive changes of day length through the photoperiod pathway.
In Arabidopsis, long days, normally referred to 16-hour light, promote flower-
ing time, which is indicated by the number of rosette leaves formed from
SAM before floral transition (Figure 4B). The day-length-dependent accumu-
lation of CONSTANS (CO) transcript and protein is crucial for the rhythmic
activation of FLOWERING LOCUS T (FT) expression at dusk under long days.
PICKLE (PKL), also designated as EPPT for ENHANCED PHOTOMORPHO-
GENESIS1, shows a mild rhythmic expression pattern with one peak at zeit-
geber time 4 (ZT4) and another at ZT16 under long days. PKL interacts with
CO via its ATPase domain, and the PKL and CO complex is critical for the
direct activation of FT.°" Furthermore, PKL recruits ARABIDOPSIS HOMOLOG
OF TRITHORAX1 (ATX1) that belongs to the Trithorax Group (TrxG) proteins
to maintain the level of trimethylated lysine 27 of histone 3 (H3K27me3) at
various regions across the FT locus.”” One glycogen SYNTHASE KINASE 3
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(GSK3) member, SHAGGY-LIKE KINASE 12 (SK12), interacts with CO for the
phosphorylation at threonine 119, thus facilitating CO degradation (Figure
4C).”* As we all know, FT can be induced by FR. Still, the rhythmic activation
peak of FT expression in the morning is influenced by the accumulation of R:
FR-adjusted light (R: FR ratio was adjusted to 1 with FR supplement) from
the previous afternoon to the next morning. The expression level of FT in
phyA-211 is lower than Col-0, especially at ZT4. PhyA-mediated high-irradi-
ance response (HIR) also regulates the FT bimodal expression patterns.””

The mobile floral stimulus FT'® belongs to the phosphatidylethanolamine-
binding proteins (PEBPs) family, which includes structurally, but not function-
ally, lipid-binding proteins reported from bacteria to humans and plants.”* FT
protein is synthesized in the vasculature and moves directly to its destination
that could be shoot apex™ or root nodules.””” C-TERMINALDOMAIN PHOS-
PHATASE-LIKE 2 (CPL2) is highly expressed in the vasculature of leaves, lose-
of-function of which is much earlier flowering (Figure 4C). By using RNA
sequencing and FT.GUS lines, FT upregulation could be causal for flowering
promotion in the cp/2-2 mutant. Furthermore, protein-protein interaction
assays together show that CPL2 directly interacts with and dephosphory-
lated EARLY FLOWERING MYB PROTEIN (EMF). The CPL2-EMF complex has
the ability to directly bind to FT gene locus for inhibiting the transcriptional
activity of FT and thereby suppressing flowering.””® In the shoot apex, FT
works with the bZIP transcription factor FD as a transcriptional coregulator.””
The FD-related bZIP transcription factor AREB3 s spatially and temporally co-
expressed with FD at the SAM.”'? Tissue-specific overexpression of FT could
not promote flowering time in the areb3-T1 fd-3 double mutant. Interestingly,
FT also interacts with other transcription factors previously known in the ABA
pathways (Figure 4C).”'° Different from long-day facultative Arabidopsis,
soybean (Glycine max) is one of typical short-day crops, which is sensitive to
photoperiod and long-day conditions strictly delay flowering time. Promoting
flowering can enhance the adaptability of soybean to grow in high latitudes
area in China. By using diverse accessions and GWAS analysis, TIME OF
FLOWERING 5 (Tof5) in chromosome 5 is localized with a highly significant
QTL locus. Although Tof5 could be annotated to either GmFUL2a or SEPAL-
LATA4 (GmSEP4), correlation analysis between haplotypes and flowering-
time phenotypes indicates that GmFUL 2a is likely to be a flowering activator.
Furthermore, null mutant and overexpression of GmFUL2a lines demonstrate
that GmFUL2a can directly activate the expression of soybean FT homologs
GmMFT2a and GmFT5a, and thus promote flowering time.”"" Plants sense the
environmental temperatures and Arabidopsis flowering time changes in
response to one degree Celsius. Generally, lower temperatures delay flower-
ing and higher temperatures promote flowering. At short-day high tempera-
tures, such as 28°C, plants with loss-of-function of JUMONJI 13 (JMJ13), an
H3K27me3 demethylase, still occurs very early flowering through activation
of FT”" At a lower 16°C ambient temperature, the anionic phospholipid
phosphatidylglycerol (PG) directly binds to FT to sequester FT activity. In the
mutant of PHOSPHATIDYLGLYCEROLPHOSPHATE SYNTHASE 1 (PGPT), a
key PG biosynthetic gene, flowering time is much earlier under low tempera-
tures, because of the presence of more soluble and mobile FT proteins in
companion cells of leaf vasculatures (Figure 4C). In addition, mutagenesis of
other PG biosynthetic genes significantly changes flowering time under low
temperatures.””® In maize, PGs are important metabolites involved in plant
responses to low temperatures. In Mexico, highland domesticated maize
shows introgression with a teosinte subspecies mexicana. Adaptation to low
temperatures and phosphorus deficiency in highland environments drove
mexicana genetic divergence from the lowland parviglumis. By linkage
mapping, HIGH PHOSPHATIDYLCHOLINE 1 (HPCT) encoding a phospholi-
pase A1 enzyme has been identified as a major driver of flowering time and
phospholipid variation in highland maize. HPCT exhibits similar expression
patterns to ZmZCN8, an FT-like homolog.”"* Moreover, the small actin protein
ACTIN DEPOLYMERIZING FACTOR 1 (ADFT), which is involved in cytoskele-
ton organization, physically interacts with a new flowering time activator
REM16, an AP2/B3-like transcription factor, to promote FT expression.”'®

In Arabidopsis, based on flowering time analysis of FTG mutants, the
frequency of late-flowering phenotypes is much greater than that of early-
flowering phenotypes, indicating that the number of flowering time activators
is possibly much greater than the repressors. Negative floral transition infor-
mation is mainly integrated by two MADS-box transcription factors, FLC and
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SHORT VEGETATIVE PHASE (SVP). Recent studies have revealed additional
FLC regulators. High expression of FLC in winter Arabidopsis annuals is
maintained by the activator complex containing FRIGIDA (FRI), FLC EXPRES-
SOR (FLX), and FLX-LIKE 4 (FLX4). However, summer Arabidopsis annuals
lose FRI but still have FLX and FLX4 to establish baseline expression of FLC.
An RNA polymerase Il C-TERMINAL DOMAIN PHOSPHATASE-LIKE 3 (CPL3)
protein interacts with and dephosphorylates FLX4 to prevent precocious
flowering.”'® In addition, CPL3 is involved in GA-mediated plant development.
CPL3 interacts with RGA and GAI, inhibiting their degradation by the 26S
proteasome, enhancing the stability of DELLA proteins.”'” HUA ENHANCER 4
(HEN4) that encodes a K-homology RNA-binding protein (RBP) positively
activates FLC under 16 °C and executes critical functions, such as repression
of the juvenile-to-adult vegetative phase and subsequent floral transition.”'®
Mediator is a transcriptional cofactor complex widely existed in all eukary-
otes. Arabidopsis MEDIATOR SUBUNIT 8 (MEDS8) has been newly identified
as flowering time activator (Figure 4C). MED8 creates direction protein inter-
action with FPA and performs transcriptional repression of FLC via the bind-
ings on both the first and sixth introns of FLC?'Y SISTER of FCA (SSF)
encodes an FCA-like protein but plays antagonistic roles to FCA homologs in
FLC expression. Interestingly, FCA and SSF appear to have arisen through
gene duplication after dicot-monocot divergence.””” CPK32 interacts with the
FCA protein, phosphorylating the WW domain of the FCA protein in a Ca*-
dependent manner, to maintain the interaction between FLOWERING
LOCUSY(FY) and FCA protein (Figure 4C). This interaction represses the
expression of the core flowering repressor gene FLC.**' Beyond genetic
exploration, advances in biochemistry technologies decipher that FRI proteins
condense in the nucleus upon cold treatment, result in quickly reducing FRI
occupancy at the FLC regulation region and FLC repression.””

To explore how plants survive under arid climates, 335 Arabidopsis acces-
sions from the Cape Verde Islands (CVI), which is more arid than the coastal
Morocco, have been collected for whole-genome resequencing. The genetic
information of CVI Arabidopsis is different from that of the Eurasia and
Morocco. Due to short period of precipitation and arid climate, CVI Arabidop-
sis use less time to flower, which substantially increases their fitness. By
accounting for the natural bolting dates and performing quantitative trait loci
(QTL) GWAS analysis, data clearly show that fitness improvement is medi-
using two Arabidopsis accessions widely collected from Sichuan and Tibet in
China, respectively, which are naturally exposed to different growth condi-
tions, such as UV light, seasonal precipitations and daily temperature fluctua-
tions, genome-wide association studies (GWAS) of a recombinant inbred line
(RIL) population demonstrate that the change from number 96 cytosine (C) in
Tibet Arabidopsis to thymine (T) in Sichuan Arabidopsis on the SVP coding
sequence results in different leaf size and aridity indexes.””*

Another new perspective of flowering time regulation is nutrient, more
specifically nitrogen in the soil. Nitrogen regulates plant growth primarily in
two ways. In one way as a nutrient element, inorganic nitrogen in the soil
mainly exists in two forms, nitrate nitrogen and ammonium nitrogen. In
another way as a signal affects the development stages of plants. Plants
living in waterlogged soil, such as rice, mainly absorb reduced ammonium
nitrogen, while plants living in aerobic soil, such as corn and wheat, mainly
absorb oxidized nitrate nitrogen. From the perspective of flowering time regu-
lation, nitrogen deficiency significantly accelerates flowering in plants, while
nitrogen overdose probably delays flowering time and fruit maturity. A recent
review paper pinpoints that multiple flowering time pathways involved in a
nitrogen-dependent manner. Low nitrogen (N) mediated precarious flowering
is because of induced expression of CO. But in cry7 mutant, which is insensi-
tiveto N changes, the expression level of CO does not change with alter-
ations in nitrogen concentration. Thus, transcriptional regulation of CO plays
a crucial role in nitrogen-mediated flowering control.”** FLOWERING BHLH 4
(FBH4) is a highly phosphorylated protein, and its phosphorylation status
remains a low level under low nitrogen conditions. The transcriptional activa-
tion activity of CO is regulated by the phosphorylation status of multiple
serine/theonine residues of FHB4 and its subcellular localization. The
reduced phosphorylation of FBH4 leads to its accumulation in the nucleus,
thereby promoting the expression of CO. Additionally, low nitrogen conditions
inhibit SNnRK1 activity, which can directly phosphorylate FBH4, and decreased

levels of FBH4 phosphorylation active CO transcription.””® NRT1.13, also
known as NPF4.4 is a potential transportor belonging to the NRT1/PTR/NPF
family. Under normal-nitrate conditions, the nrt7.73 mutant plants slightly
delay flowering time up to 3 to 4 days compared to the wild-type Col-0
plants. Interestingly, under low-nitrate conditions, nrt1.13 needs approximate
20 days to flowering, which allows growth of additional 14 rosette leaves
compared with Col-0. In addition, the delayed flowering time under low-
nitrate conditions lost in flc ntr1.713 double mutant. Therefore, the nitrate-
dependent flowering mediated by NRT1.13 is mainly achieved through the
regulation of its downstream gene FLC.**" In rice, nitrogen induction of flow-
ering is mediated by glutamine (GIn) rather than NH,*. Mutants of N-medi-
ated heading date 1(Nhd1) exhibit delayed flowering time, which is insensi-
tive to nitrogen supply under both LD and SD conditions. GIn promotes the
transcription levels of Nhd7, and accumulated Nhd1 directly activates the
florigen gene heading date 3a (Hd3a), which could be a major part of nitro-
gen determinate heading date regulation mechanisms in rice.'”

Recently, N--methyladenosine (m°®A) mRNA modification has been found to
be important for gene expression. FIONAT (FIOT), an unknown nucleus-local-
ized m°A methyltransferase, determines m°A modifications in more than
2000 Arabidopsis transcripts. Interestingly, the flowering time of fio7 mutant
is significantly earlier under long days.”” In addition, a family of small proteins
FLOWERING PROMOTING FACTOR1-like proteins, among which FPL1 and
FPL7 in Brachypodium distachyon, have been identified as flowering time
activators by accumulation of BdFT1.7

Neofunction and subfunction of classic flowering time genes

Beyond regulating flowering time, some FTG orthologs are also critical to
subsequent developmental stages after floral transition. With the advance-
ment in genome sequencing, gene editing and transformation technology, a
series of unexpected findings have been made in different plant species,
especially crops. Soybean, one of the most important oil crops, is a typical
photoperiod-sensitive plants and its seed size is also photoperiod dependent.
Generally, long-day and short-day preferable soybean plant species produce
larger seeds under long-day and short-day conditions, respectively. In the
short-day cultivar Williams 82, GmCOL2b, one of four CO orthologs, is
required for seed size reduction under the long-day condition (Figure 4D).
Similarly, in Arabidopsis, CO is expressed in different regions of developing
seeds and directly represses AP2 expression.””

Perennial Populus species exhibit a reduced growth rate and simultane-
ously begin to develop terminal buds in autumn when the length of days and
levels of temperatures fall below a certain threshold. In the European aspen,
there are three FT paralogs, PtFT1, PtFT2a and PtFT2b are three paralogs.
Evolutionarily, PtFTT and PtFT2 are the results of the ancient Salicoid whole-
genome duplication event. Domestically, PtFT2a and PtFT2b have been
further duplicated in some local species. Functionally, PtFTT1 is surprisingly
induced before bud formation during winter and is necessarily involved in bud
dormancy release. However, the expression of PtFT2a and PtFT2b is redun-
dantly upregulated in bud dormancy release and bud flush, both of which are
highly important for growth robustness (Figure 4D). Differently, PtFT2b has a
stronger circadian rhythm. Sub-functionalization of PtFTs might explain how
Populus trees take full advantage of the relative benefits of immediate repro-
duction balanced against survivorship and next-round reproduction.”” In the
perennial woody apple trees (Malus x domestica Borkh.), the juvenile phase
usually last four to eight years before flowering and fruiting. The apple
genome contains MdFT1 and MdFT2 paralogs, both of which exhibit similar
expression during the bloom phase. In vitro experiments show that MdFT1
interacts with MdWRKY6 to promote expression of APPLE FLORICAULA
LEAFY T(AFLT).*

Below the ground, FT also plays a critical role. In soybean, Williams 82
formed infection threads and nodules formed only under light condition after
being infected by Bradyrhizobium strain USDAT10. According to the tran-
scriptome data, light-induced genes, including a group of TGACG motif bind-
ing factors GmFTs and GmSTFs, move from shoots to roots for nodulation.
GmMSTF3 is phosphorylated by the rhizobium-activated calcium- and
calmodulin-dependent protein kinase (CCaMK) and further recruits
GmFT2a.””" In addition, the genetic mapping of two offspring from the same
sub-progeny with nitrogen deficient or sufficient leaf phenotypes clearly

10 The Innovation Life 3(4): 100172, November 24, 2025

www.the-innovation.org/life


https://www.the-innovation.org/life
https://www.the-innovation.org/life
https://www.the-innovation.org/life

shows a major QTL responsible for shoot-mediated root nodulation. Through
detailed genetic and molecular studies, a 43-bp insertion in the promoter
region of GmFT2a leads to lower expression and inhibits its translocation
from shoots to roots (Figure 4D). In roots, GMFT2a interacts with the nuclear
factor GmNFYA-C, which activates the symbiotic signaling.”*” In Arabidopsis,
comprehensive structural and biochemical analyses show that CO uses the B-
Box and CCT domains to form a trimeric complex with the nuclear factors NF-
YB and NF-YC. The complex specifically interacts with CO responsive
elements (CORES) in the promoter of FT.>*

Although some FRI-containing Arabidopsis ecotypes require a long period
of cold treatment before floral status is acquired. B. napus varieties have
three major ecotypes. There is essentially no cold requirement for spring
types widely grown in North America, which are planted after spring and
harvested before winter. Semi-winters domesticated in the last century in
China only require a weak vernalization treatment and are grown in regions
with mild winters. Most European rapeseeds are winter ecotypes, which need
to experience an extended period of cold in winter prior to flowering in the
coming spring. Thus, spring B. napus is annual and semi-winter and winter
are biennial. Some of semi-winter B. napus cultivars in China prefer 8 to 10-
hour day lengths for flowering promotion. Globally, in terms of vernalization
requirements, accessions with different ecotypes and growth habitats might
establish various regulatory patterns. For example, pangenome of B. napus
facilitates characterization of ten BnFLC paralogs genes, which are localized
to A1, A2, A3, A10, and C2, C3, C9 subgenomes. Different BnFLC paralogs
have very different gene expression levels in three ecotypes. In the spring
type, the total expression levels of BnFLCs are much lower and the expres-
sion of each BnFLC is quickly reduced upon cold treatment. Interestingly, the
two closest paralogs BnaC2.FLC and BnaC9.FLC show relatively stable cold
expression. Another two closest paralogs BnaA2.FLC and BnaAlO.FLC,
harbouring several different lengths of transposon insertions, have a moder-
ate expression decay rate in response to the cold treatment.'*” Different gene
expression regulatory elements,”* gene copy numbers, varied gene struc-
tures”™ and expression patterns of BnFLCs likely indicate that BnFLCs
undergo subfunctionalisation for ecotype formation and flowering time adap-
tation, which still need much further genetic evidence. More interestingly, by
studying two diploid polycarpic perennial Arabidopsis species Crucihimalaya
himalaica and Erysimum nevadense, FLC and FLC-like genes FLOWERING
LOCUS M (FLM) and MAF (MADS AFFECTING FLOWERING) were required for
vernalization and polycarpic perennial flowering. To overexpress either EnFLC
or EnFLM in the winter-annual Brassica napus Zhong Shuang 11 (ZS11)
could resume the growth of new axillary shoots with rosette leaves and even
flowers after vernalization,” which indicates the role of FLC and FLC-like
genes in the transition from polycarpic perennial to biennial and annual flow-
ering behavior in Brassicaceae (Figure 4D).

In the last five years, multiple new FTG and novel flowering time regulatory
mechanisms have been reported. Scientists use a combination of genetic
mapping, sequencing omics, evolutionary, biochemical and gene editing tools
to uncover detailed functions of FTG in model plants and crops. Increased
experimental and analytical data clearly show that FTG homologs and
paralogs develop conserved and unexpected new functions in different plant
species. Scientific advancements have provided great insights into crop
modernization. For example, how to precisely adjust flowering time and
reproductive maturation for widening planting zones is of great interest. FTG
obviously could be widely used for the improvement of many agronomic
traits,” such as bud outgrowth, nitrogen usage and drought resistance.
However, how FTG can potentially be applied to different plant species
requires cross-discipline collaboration. Flowering time could change much
earlier for summer high plants®™’ or be largely delayed in biennial B. napus,”**
which raises major conflicts between global environmental effects and agri-
culture efforts. What would our generations do?

FLOWER DEVELOPMENT

The development of flowers starts soon after FMs emerge on the flanks of
the SAM. In a typical flower, such as those of Arabidopsis, four types of floral
organs (i.e., sepals, petals, stamens, and carpels) differentiate from the FMs
and arrange in concentric whorls from the outermost to the center
(Figure 5A). In different groups of flowering plants, however, flowers exhibit a
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remarkable diversity in number, type, size, shape, color, fusion, and arrange-
ment of floral organs and floral symmetry. Thanks to extensive studies in two
pioneering model plants, Arabidopsis and snapdragon (Antirrhinum majus;
Plantaginaceae), as well as quite a few species from the Asteraceae,
Solanaceae, Ranunculaceae, Papaveraceae, Poaceae, and Orchidaceae,
much has been learned about the molecular mechanisms underlying the
development of diverse flowers in the past decades. We now know that no
matter how diverse the flowers are, all floral organs undergo four key devel-
opmental processes, i.e., initiation, identity determination, morphogenesis and
maturation (Figure 5A).”° It is the evolutionary modifications in these
processes that have driven morphological changes of flowers, even the
evolutionary novelties.”” To comprehensively understand the developmental
mechanisms of flowers, we here first outline how a typical flower is made by
using the Arabidopsis flower as an example and then explore how flowers
with diverse morphology and structures are formed.

Initiation of Arabidopsis floral organs

In Arabidopsis, shortly after the formation of the FM, sixteen floral organ
primordia develop centripetally from groups of founder cells through cell
proliferation.”* During this process, the relative positions and total number of
floral organs are determined. The precise positioning of floral organs largely
depends on the antagonistic interplay between auxin and cytokinin (Table
S5). First, auxin maxima determine initiation sites, mediated by genes
controlling the biosynthesis and polar transport of auxin, such as the YUC
and PIN-FORMED (PIN) gene family members. Inactivation of these genes
generally produces flowers with fewer floral organs or even a naked pin-like
stem, as seen in the triple or quadruple mutants of yucl, yuc2 yuc4, and
yuce, or in the pin1 mutant.”"** Second, cytokinin signaling shapes inhibitory
fields surrounding primordia to maintain auxin maxima. For instance, muta-
tion of the cytokinin-signaling inhibitor ARABIDOPSIS HISTIDINE PHOSPHO-
TRANSFER PROTEIN6 (AHP6) produces additional sepals and petals and
disrupts floral phyllotaxy.”*

The total number of floral organs is mainly dependent on the stem cell
activity in the FM. The stem cell activity is maintained by a WUS-CLV3 home-
ostasis loop, in which WUS activates the expression of CLV3, but CLV3
represses WUS”* When WUS is inactivated, the FM becomes diminished,
resulting in fewer floral organs,”” whereas when CLV3 is silenced, the FM
becomes enlarged, leading to an increase in floral organ number, especially
stamens and carpels.”* The stem cell activity is terminated once all floral
organs are initiated, which is timely controlled by WUS repressors, such as
AGAMOUS (AG), KNUCKLES (KNU), SUPERMAN (SUP), and CRABS CLAW
(CRC).”*® Notably, while the expression of AG is activated by WUS, AG in turn
either directly turns off the expression of WUS, or indirectly functions via KNU
and CRC.****" As expected, inactivation of these repressors produces flow-
ers with indeterminate FMs and extra floral organs.”*

In addition, there are other factors affecting floral organ initiation. For
instance, the founder cell identity genes, represented by DORNROSCHEN
(DRN), DORNROSCHEN-LIKE (DRNL), and PUCHI, determine the fate of
founder cells; collective mutation in these genes results in decreased floral
organs.”® The organ boundary specification genes, represented by CUCT and
CUC2, are required for organ separation; inactivation of the CUC genes
causes the fusion of intra- or inter-whorl floral organs,”’ while inactivation of
their inhibitors (i.e.,, miR164a, b, and ¢) leads to additional sepals and petals.””’

Identity determination of Arabidopsis floral organs

Among the sixteen floral organ primordia, the outermost four finally
develop into sepals, the subsequent four into petals, the next six into
stamens, and the innermost two into carpels. This precise patterning is
governed by combinatorial action of four classes of floral organ identity
genes, as described by the ABCE model. According to this model, A and E
function genes specify sepals; A, B, and E function genes, petals; B, C, and E
function genes, stamens; and C and E function genes, carpels.”' Inactivation
of these genes causes homeotic transformations between floral organs
(Table S5). For example, loss-of-function mutations of B function genes
result in the conversion of petals into sepals and stamen into carpels.”* In
Arabidopsis, the A function is conferred by APETALAT (APT) and AP2, the B
function by AP3 and PISTILLATA (PI), the C function by AG, and the E func-
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Figure 5. Development and evolution of flowers (A) A schematic diagram showing the development of an Arabidopsis flower. (B) Expression changes in floral organ identity
genes result in flowers with different organ composition. In the models, A, B, and C represents different functions of floral organ identity genes. The negative regulatory relation-
ships between A- and C-function genes are indicated by bars. Se, sepal; pe, petal; te, tepal; st, stamen; std, staminode; ca, carpel. (C) Modifications of the morphogenesis process
result in petals with different shapes. Blue arrows point to petals with marginal elaborations; pink arrows point to petals with dorsal elaborations; and yellow arrows point to
petals with ventral elaborations. (D) Changes in CYC-like genes result in floral symmetry transition. The filled colors represent the expression or functional domains of the focal

genes, white indicates that the focal gene is not expressed.

tion by SEP1, SEP2, SEP3, and SEP4.”** Notably, of these genes, all but AP2
encode MADS-box transcription factors that form specific protein complexes
to specify floral organs.”®" These complexes include AP1-SEPs-AP1-SEPs for
sepals, AP3-PI-AP1-SEPs for petals, AP3-PI-AG-SEPs for stamens, and AG-
SEPs-AG-SEPs for carpels; this is the so-called floral quartet model.”"'

It should be noted that the precise spatial regulation of floral organ identity
genes involves complex molecular mechanisms. First, cross-regulatory
repression occurs among these genes.” For instance, the A-function protein
AP2 forms a protein complex with TOPLESS (TPL)-HISTONE
DEACETYLASE19 (HDA19) to repress the expression of the B- and E- func-
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tion genes (AP3, Pl and SEP3) in sepals. The AP2-TPL-HDA19-complex,
along with the AP1-LEUNIG (LUG)-SEUSS (SEU) complex, prevents the
expression of the C-function gene AG from sepals and petals. The AG-SEP3-
AG-SEPS tetramer containing C- and E-function proteins represses the
expression of the A-function gene APT in stamens and carpels. Second,
some boundary specification genes negatively regulate the expression of
floral organ identity genes. For example, RABBIT EARS (RBE) restricts the
expression of the C-function gene AG to stamens and carpels;”" SUP
represses the expression of the B-function gene AP3 in carpels;”®’ miR172
prevents the mMRNA accumulation of the A-function gene APZ2in the inner two
whorls.”* Clearly, these multilayered regulatory networks set sharp bound-
aries that precisely determines types and respective numbers of the floral
organs in Arabidopsis, revealing a complexity that far exceeds the ABCE
model.

Morphogenesis of Arabidopsis floral organs

The morphogenesis process involves division and expansion of cells,
coupled with the establishment of polarities along the adaxial—abaxial,
medial—lateral, and proximal—distal axes, which collectively determine the
final size and shape of a floral organ. In a mature flower of Arabidopsis, the
sepals and petals are laminar; the stamens consist of a filament supporting a
pollen-producing anther, and the carpels fuse to form a gynoecium, which is
composed of three distinct regions: a basal ovary containing ovules, a style,
and an apical stigma. It is interesting that while these floral organs follow
distinct developmental trajectories,”*” the core regulatory programs
governing their morphogenesis share remarkable similarities (Table S5).

In general, cell division and expansion underlie the growth rate of a floral
organ, ultimately defining its final size.”*”** Specifically, cell proliferation
which determines the total number of cells in an organ is positively controlled
by ANTEGUMENTA (ANT), AINTEGUMENTA-LIKE6 (AIL6), ORGAN SIZE
RELATEDT (OSRT), GROWTH-REGULATING FACTOR (GRF) and GRF-INTER-
ACTING FACTOR (GIF), but negatively regulated by BIG BROTHER (BB), DAT,
and TEOSINTE BRANCHED/CYCLOIDEA/PCF4 (TCP4). Mutations in the posi-
tive regulators reduce cell numbers, leading to smaller floral organs, whereas
inactivation of the negative ones increase cell numbers, resulting in larger
organs. In contrast, cell expansion, which is responsible for cell size, is acti-
vated by ARGOS-LIKE (ARL) and MEDS, but repressed by AUXIN RESPONSE
FACTORS8 (ARF8). Inactivation of these genes results in size reduction or
enlargement of cells, thus affecting overall organ dimensions. Additionally,
some genes, such as MED25 and BIG PETALp (BPEp, a petal-specific tran-
script of BPE), repress both cell proliferation and expansion, thereby deter-
mining when the cells in floral organs stop growing.

The adaxial—abaxial, medial—lateral, and proximal—distal patterning deter-
identity is defined by PHABULOSA (PHB), PHAVOLUTA (PHV), REVOLUTA
(REV), ASYMMETRIC LEAVEST (AST), AS2, and transacting small interfering
RNAs (ta-siRNAs). The abaxial fate is determined by KANADIT (KANT), KANZ,
KAN3, YABBY3 (YAB3), FILAMENTOUS FLOWER (FIL), ARF3, ARF4, and
miR165/166. In sepals, petals, and carpels of Arabidopsis, balanced expres-
sion of these adaxial and abaxial regulators establishes laminar structures.”®
By contrast, stamen development involves rearrangement of adaxial-abaxial
polarity genes, leading to the differentiation of the anther and the filament.”*’
Lateral outgrowth of sepals and petals is controlled by WUSCHEL-RELATED
HOMEOBOX (WOX) gene family members WOX1 and PRESSED FLOWER
(PRS); mutations of these genes result in extremely narrow sepals and
petals.”*® Distal growth of sepals, petals, and stamens is regulated by a C2H2
zinc finger transcription factor JAGGED (JAG); inactivation of this gene
produces sepals and petals with a reduced distal part and a jagged margin
and stamens with abnormal anthers.”"****"° Notably, the medial—lateral and
proximal—distal polarities of carpels are defined by distinct regulatory mech-
anisms compared to other floral organs, as detailed in Section “Fruit develop-
ment".

Maturation of Arabidopsis floral organs

The maturation process mainly involves two key developmental events.
One is the differentiation of epidermal cells with diverse decorations, giving
rise to floral organs with characteristic surface textures and color patterns.
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The other is the formation of germlines in stamens and carpels, endowing
male and female organs with reproductive abilities. Given that the germline
specification will be covered in Section "Germline specification and fertiliza-
tion", this section focuses specifically on sepal and petal maturation.

In Arabidopsis, sepal maturation is characterized by the differentiation of
giant pavement cells on the abaxial epidermis through endoreduplication.”’!
The identity of giant cells is specified by HD-ZIP IV transcription factors
ARABIDOPSIS THALIANA MERISTEM IDENTITYT (ATMLT) and HOME-
ODOMAIN GLABOROUST11 (HDGTT),as well as those encoding transmem-
brane proteins ARABIDOPSIS CRINKLY4 (ACR4) and DEFECTIVE KERNEL1
(DEK1).”"* These genes function upstream of the cell cycle inhibitor LOSS OF
GIANT CELLS FROM ORGANS (LGO), which directly promotes endoredupli-
cation and subsequent giant cell formation.””

Petal maturation involves the formation of conical cells on the adaxial
epidermis and the whitening of the distal blade region. While the conical cell
identity genes remain to be identified, several key genes governing their
morphogenesis have been characterized (Table S5). For example, KATANINT
(KTNT) regulates the spatial organization of microtubule arrays during coni-
cal cell development; null mutation of KTNT leads to decreased tip sharpen-
synthesis of the pectic polysaccharide rhamnogalacturonan-I, essential for
normal conical cell expansion; inactivation of RHM1 causes helical twisting of
the expanding conical cells.”” The petal whitening involves the chloroplast-to-
leucoplast conversion.””® A recent study has shown that CINCINNATA (CIN)-
like TCP proteins play key roles in controlling the petal color. In particular,
TCP4 promotes the petal whitening by directly repressing chlorophyll biosyn-
thesis-related genes, such as PROTOCHLOROPHYLLIDE REDUCTASE
(PORB), DIVINYL REDUCTASE (DVR), and SUPPRESSOR OF OVEREXPRES-
SION OF CONSTANS 1(S0OCT)."®

Developmental mechanisms underlying the diversity of flowers

As mentioned above, angiosperms exhibit fantastic floral diversity across
multiple aspects. In particular, many plants have evolved flowers that differ
significantly from those of Arabidopsis, including flowers with bilateral
symmetry (or zygomorphy), undifferentiated perianth, elaborate petals, novel
organ types, or lacking certain organ types (e.g., apetalous, unisexual, or peri-
anthless flowers). Extensive investigations of species from representative
flowering plant lineages clearly suggest that this diversity arises through
modifications of the genetic programs involved in the four main floral organ
developmental processes.”” Due to the space limitations, we present
selected examples illustrating how changes of genes and programs involved
in these processes result in diverse flowers.

The first group of examples illustrates the power of the dynamic regulation
of the floral organ identity determination program (Figure 5B). It appears that
many aspects of floral diversity can be attributed to boundary shifts of floral
organ identity genes. For instance, in non-grass monocots (such as tulips
and lilies of the Liliaceae), outward expansion of B-function genes into the
first whorl leads to the generation of the undifferentiated, petaloid perianth,
exemplifying the shifting boundary model.””” In some basal angiosperms
(such as Amborellaceae and Nymphaeaceae), the expression gradients of
floral organ identity genes result in gradual morphological transitions
wise, inward shift of the A-C boundary transforms stamens into petals,
producing “"double flowers", as frequently seen in many ornamentals of
Prunus, Dianthus, Petunia, Rosa, and Nicotiana.”’**** By contrast, outward
expansion of the C-function genes convert petals into stamens, generating
apetalous flowers, as seen in Petunia hybrida blind (bl) and snapdragon fistu-
lata (fis) mutants and some ranunculaceous species.”'** In addition, AP3-
like B-function gene duplication followed by sub- or neo-functionalization
leads to the production of brand-new floral organ types, such as the labella of
orchids (Orchidaceae) and the staminodes of Aquilegia.”*****

The second group of examples demonstrates how modifications of
morphogenesis and maturation processes create flowers with elaborate
floral organs (especially petals) in shape and color pattern (Figure 5C). For
instance, during morphogenesis, heterogeneous cell division and expansion
along petal edges lead to the formation of petals with teeth, lobes, fringes, or
ruffles at the margin (i.e., marginal elaboration).***%**" By contrast, localized
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cell division followed by anisotropic cell expansion results in spurred or
pouched petals (i.e., dorsal elaboration).”****° In addition, shifts in expression
domains of adaxial and/or abaxial polarity genes generate various peltate
petals (i.e, ventral elaboration).””**' During maturation, co-option and
dynamic regulation of programs involved in the differentiation of specialized
cells (e.g., the pigment biosynthesis or trichome differentiation pathways)
lead to the surface elaboration of floral organs, generating petals with differ-
ent color patterns, trichome clusters, or hair pads.”***** Notably, these mech-
anisms often combine to produce exceptionally complex petals, as seen in
Ophrys (Orchidaceae) and Nigella (Ranunculaceae).”***

The third group of examples shows how floral diversity arises through
rewiring of different programs or complicated interactions between
processes, as exemplified by zygomorphic flowers (Figure 5D). According to
the polar coordinate model, the establishment of floral zygomorphy depends
on differential regulation of floral symmetry genes along the dorsoventral
floral axis.® In snapdragon, which produces zygomorphic flowers,
CYCLOIDEA (CYC) and DICHOTOMA (DICH) of the TCP family define the
dorsal identity of the flower, while DIVARICATA (DIV) of the MYB family speci-
fies the ventral identity of the flower (Table S5).*"" Simultaneous muta-
tions of CYC and DICH generate actinomorphic flowers with all petals and
stamens becoming ventralized, whereas inactivation of DIV affects the
ventral identity of the flower in the petal whorl.”® Evolutionary studies
revealed that the CYC-like genes experienced multiple rounds of duplication
events and some of the duplicate copies have been independently recruited
into the floral regulatory networks of different lineages with zygomorphic
flowers.” % Moreover, the CYC-like genes can regulate genes involved in
different developmental processes of floral organs, eventually resulting in the
evolution of diverse zygomorphic flowers.*> %

FRUIT DEVELOPMENT

Following floral organ specification, the development of the gynoecium and
fruit marks the entrance of final reproduction stages. Fruits protect and nour-
ish the developing seeds, and at maturation, render the seeds with diverse
dispersal strategies. The development of the fruits is therefore characterized
the angiosperms and considered to be adaptive in evolution. In a strict defini-
tion, fruit is derived from the ovary by differentiation and elaboration in post
anthesis development stages. However, fruit can also be developed from
flower associated organs, such as hypanthium and receptacles, or in an
extreme case, the whole inflorescences. In the past decades, our under-
standing on the fruit development have been significantly advanced by the
studies in model system, exemplified by Arabidopsis (dry fruit) and tomato
(fleshy fruit). In this section, we summarize recent breakthroughs in identify-
ing novel components of the molecular networks involved gynoecium
patterning and fruit development in Arabidopsis (Figure 6 & Table S6).

From the floral meristem to a gynoecium primordium

In Arabidopsis, the gynoecium is composed of two congenitally fused
carpels that develops in the middle of the FM. The initiation of the two carpel
primordia terminates the FM. The carpel identity is determined by the C-class
MADS-box gene, AGAMOUS (Figure 6A). Due to the functional importance of
AG in specifying both the male and female reproductive organs, its expres-
sion is strictly restricted in the center of the FM by several transcription
factors and chromatin remodelers. For example, during the vegetative growth
phase, AG is repressed by Polycomb Repressive Complex 2 (PRC2) modify-
ing histone 3 proteins at the lysine 27 position (H3K27me3) in the second
intron locus.” ™% In the FM, AP2 recruits TPL and HDA19 to exclude the AG
from the outer two whorls.*"' ="

The initiation of AG expression of starts at stage 3 of flower development,
long before the gynoecium primordium is visible as an elliptical flattened
protrusion in the middle of the FM. At stage 3, WUS works with LEAFY (LFY)
and PERIANTHIA (PAN) activate the expression of AG.”"**'" Expression of AG
is indispensable for FM termination as ag mutation results in ectopic expres-
sion of WUS and indeterminate growth of the FM with a flower-in-flower
phenotype.®'® AG shut down WUS and FM indeterminacy via looping the DNA
at WUS locus or inducing repressive epigenetic modification on the histones
of WUS chromatin (Figure 6A).%1%%

AG initiate the gynoecium developmental pathway by activating the

expression of CRC, which is subsequently detectable upon AG expression
inthe gynoecium primordium. CRC promotes the auxin biosynthesis by acti-
generated by YUC4 expression promote the cell differentiation and expan-
sion during the early developmental stages of the gynoecium (Figure 6A). In
addition, a yeast one-hybrid experiments show CRC associates with the
promoters of 119 TFs including ETTIN (ETT), FRUITFULL (FUL), NGATHA 2
(NGA2) and JAGGED (JAG), many of which play critical roles in gynoecium

development.”™”

Gynoecium patterning along the polarity axes

After initiation, the gynoecium primordium continues to grow and differen-
tiate into a single cylindrical tube shape. During the gynoecium patterning
process, three growth axes can be observed with the asynchronous estab-
lishment of distinct tissues and cell types. The development of the replum in
the middle region and two ovary locule and valves in the lateral defines the
medio-lateral axis. The apical-basal axis is manifested by the differentiation
of papillae cells, style, ovary and gynophore from the apex to the pedicel of
the gynoecium (Figure 6C). The adaxial-abaxial axis distinguishes the inner
and outer tissues of the valves similar to the leaf adaxial-abaxial axis. The
medio-lateral and apical distal axis is established gradually during the gynoe-
cium development process. In agreement with this scenario, a recently live-
imaging analysis detected two orthogonal, time-shifted differentiation gradi-
ents: an early mediolateral gradient controls valve and replum morphogene-
sis and a late longitudinal gradient regulates style differentiation.”*”

Even though the gynoecium primordium terminates the FM, new tissues,
such as septa, placenta and ovules continue to differentiation inside the
gynoecium (Figure 6B). This capacity depends on the activity of Carpel
Meristem Margin (CMM), which is a "meristematic-like zone" located in the
medial region of the gynoecium. The re-establishment of the meristematic
activity in the Carpel Margin Meristem (CMM) is co-opted by the ectopic
expression of meristem identity genes and related hormone networks (Figure
6B). The expression of STM, required for stem cell maintenance in the SAM, is
activated by CUC1 and CUC2, which encode a pair of NAC transcription factor
that involved in SAM development and organ boundary definition.”* In the
SAM, CUCs and STM constitute a double feedforward loop to sustain the
stem cells.”*** In the stem cells, STM promotes cytokinin biosynthesis but
represses gibberellin activities to fine-tune the stem cell proliferation.'**'"
Intriguingly, expression of CUCs, STM and cytokinin signal (visualized by
TCS:.GFP) are specifically localized in CMM, indicating the CMM cells are
reminiscent of stem cells in the SAM (Figure 6C).*** Consistently, compro-
mise either STM, CUC2 function or cytokinin signaling pathway disrupt CMM
identity, placenta development and ovule initiation, whilst exogenous
cytokinin treatment leads to over proliferation of the CMMs.******* |n the
medial region, the replum is derived from the CMM and its identity is estab-
lished by the BELL1-type homeodomain transcription factor, REPLUMLESS
(RPL).* rpl mutation leads to a reduction in replum size and ovule number,
loss of the septum and carpel fusion defects.*”” On the other hand, the devel-
opment of valve identity in the lateral region is defined by the specific expres-
sion of two YABBY transcription factors, FILAMENTOUS FLOWER (FIL) and
YABBY 3 (YAB3), in the valves.” The gynoecium from fil; yab3 double mutant
display severe defects in valve identities.* In the valves, FIL and YAB3 acti-
vate the expression of MADS-box transcription factor FUL, which specify
valve identity and fruit growth by promoting cell elongation after pollination
(discuss below).” " The expression domain of RPL and YABs-FUL tran-
scription factors is mutually excluded in the respectively tissues. For example,
in the medial region of the gynoecium, RPL is activated by the class | KNOX
homeodomain transcription factor BREVIPEDICELLUS (BP) and BP subse-
quently binds to RPL to form a heterodimer, which in turn restricts the YABs
gene expression to the lateral region.”** Similarly, expression of FUL in the
valve region negatively regulates RPL genes.” Therefore, tissue along the
mediolateral axis of the ovary requires the maintenance of CMM activity and
the antagonistic regulation of valve and replum identity genes.

Alongside the medio-lateral morphogenesis, the gynoecium primordium
continues to grow both in longitudinally as a hollow tube, and then fused at
the apex, where the papilla cells and style start to differentiate to manifest the
apical-basal axis (Figure 6C). Gynoecium growth along the proximal-distal

14 The Innovation Life 3(4): 100172, November 24, 2025

www.the-innovation.org/life


https://www.the-innovation.org/life
https://www.the-innovation.org/life
https://www.the-innovation.org/life

@ Vegetative growth phase

[ Leaf promordium [ Shoot apical meristem

PRC2 complexes

Lateral domain Medial domain
/Bf
\/

Stage 10 Stage 11 Stage 12

@

>
3

[ Septum  [] Valve [ Carpel margin meristem [__| Medial domain
[ Ovule [ Replum [l Transmitting tract [] Lateral domain

©

\ A// Replum identity
FUL
l CUC1/2
Valve identity S‘I*M

REVIEW

Reproductive growth phase

[ Sepal primordium [ Petal primordium
[ Stamen primordium [ Gynoecium primordium

HDA19+TPL

i AG/\
AN
i CRC—>YUC4:

[
FIL YAB3 | — i

CK biosythesis

CMM identity

[1Valve

Stigma I Endocarp a
— > — [ Lignified layer
il [J1Endocarp b
Late stage 5 Stage 6-8 Stage 9 I Separation layer

- DR5 signal - TCS signal

SHI/SHY

— 1 Ovary HEC1/2/3+SPT+IND+NGA1/2/3/4

HAT3 ATHB4 PiD YUC4

PINs «—Auxin biosynthesis

ETT Auxin maxima

Gynophore
Stigma and style pattern

!
l NGAs+TCPs
T T AN

SSSs <«— AP2 \

[]Septum
[ Replum

‘ Valve | Valve marign | Replum

Lignified layer Separation layer

SHP1/2
ARF6/8
+

FUL —— IND ALC ———RPL

miR172C b5 WAG2 GA3ox

1 Auxin flow

Valve growth GA biosynthesis
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axis is promoted by the auxin maxima generated by local auxin biosynthesis
and polar auxin transport.”” Disruption of this auxin maxima in high-order
yuc mutant or NPA-treatment abolish the differentiation of distinct tissues
along the proximal-distal axis.”***** The differentiation of style and stigma is

facilitated by the fusion of gynoecium apex. Studies of auxin signal reporter
(DR5) revealed that the gradual fusion of the gynoecium apex is associated
with a dynamic distribution of auxin signaling patterns (Figure 6C). Right
upon gynoecium initiation, two DR5 foci are detected in the lateral region at
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the primordium apex, manifesting the two carpel primordia. Later in develop-
ment, two additional medial auxin foci are established and subsequently the
auxin signaling pattern was transformed into a ring-form at the gynoecium
apex (Figure 6C).*¥ bHLH transcription factors, SPATULA (SPT), INDEHIS-
CENT (IND) and HECATE1/2/3 (HEC1/2/3) are indispensable for the gynoe-
cium apex fusion as spt, spt;ind or spt;hecs mutations result in severe defects
in the style with unfused apexes. The stepwise dynamic auxin distribution is
blocked at the two lateral foci stage in both spt and ind;spt mutants, there-
fore failing to process into the four-foci stage and prevented from reaching
the ring-pattern auxin distribution required to style development.”™ At the
gynoecium apex, SPT and IND form heterodimers to repress the PINOID (PID)
expression.”’ PID encodes AGC3-type protein kinase that phosphorate PIN
proteins to facilitate their polar localization at the plasma membrane.” As a
result of this PID repression, PIN proteins become apolar localized leading to
accumulation of auxin signaling at the medial region, which is subsequently
transformed into a radial ring pattern at the gynoecium apex.”**’ In addition,
SPT acts synergistically with HEC1-3 to regulate the expression of the adax-
ial regulators HOMEOBOX ARABIDOPSIS THALIANA 3 (HAT3) and
ARABIDOPSIS THALIANA HOMEOBOX 4 (ATHB4), mediating the final step in
the style radialisation process by establishing the ring-shaped auxin maxi-
mum (Figure 6C).** Recently, it was uncovered that SPT activity was moni-
tored at the protein level by O-glycosylation, indicating SPT activity is fine-
tuned at multiple level to ensure the proper development of the style.”"

Auxin maxima and the style development

Immediately after gynoecium fusion, the distal tissues, including style and
stigmatic papillae cells, started to differentiate. It has long been suggested
that the specification of style and stigma is associated with the auxin
maxima at the gynoecium apex.”' As discussed above, the ring-formed auxin
distribution promotes the fusion of the gynoecium apex (Figure 6C). Subse-
quently, this ring auxin maxima is sustained by both polar auxin transport and
local biosynthesis in the following developmental stages. Early in gynoecium
development, IND and SPT was activated sequentially by HEC proteins and
B3 transcription factor NGAs. Then IND-SPT-HECs-NGAs high-order protein
complexes are formed to promote the apolar localization of PIN proteins,
facilitating the establishment of the auxin ring.*** In the separately but related
pathway, NGAs was activated by the expression of SHORT
NTERNODES/STYLISH (SHI/STY), which encodes a zinc-finger transcription
factor.”™ NGAs subsequently cooperates with STY to induce auxin biosyn-
thesis by activating YUC4 expression at the gynoecium apex.”***** In addi-
tion, NGA also physically associates with TCP transcription factors to control
auxin biosynthesis at the gynoecium apex.”® With the action of both auxin
transport and local synthesis, an auxin gradient is produced along the distal-
proximal axis of the gynoecium with the maximum in the apex.”™™ The auxin
signaling input was translated into transcriptional output by ARFs, which
encode a family of transcription factors mediating auxin response.”’ For
example, ARF3, also known as ETT, is specifically expressed in the gynoe-
cium apical region and in the replum.”® ett mutant gynoecia exhibit severe
defects, including split style, polarity changes in the style and gynophore
regions and a reduction in the ovary size.*** ETT is a unique ARF that differ-
ent from others in structure by possessing the ETT-specific domain in the C
terminal, which was recently demonstrated to interact with auxin directly.”
Surprisingly, ETT interacts with a plethora of transcription factors in an auxin-
sensitive manner.****° Therefore, ETT could act as an interpreter of auxin
levels in the apical part of the gynoecium and translate the subtle auxin signal
difference  into  distinct protein interactome and  downstream
transcriptomes.®' How ETT protein sensing the auxin gradient to elaborate
the stigma, style and replum is an intriguing question that warrant further
investigations. Finally, the growth of the style and stigma is regulated by
STIGMA AND STYLE STYLIST (SSS) proteins. SSSs encode proteins belong
to a previously uncharacterized family but are angiosperm-specific.”*” SSSs
act downstream of NGA to direct the apical gynoecium patterning by control-
ling cell expansion and elongation.™”

Fruit growth and dehiscence
The Arabidopsis gynoecium starts to grow along the longitudinal axis and
becoming a fruit after pollination.” The fruit growth is triggered by the

mobile signals generated from the fertilized ovules at stage 13.** Recently, a
live-imaging analysis revealed that the active growth of the fruit during the
post-pollination stages was largely driven by extensive cell expansions, whilst
cell divisions have little if any contributions.”* As noted above, FUL is a valve
factor that positively regulates fruit growth by promoting cell elongation.”" In
the valve cells, FUL interacts with ARF6/8 to form heterodimers, which desta-
bilize the AP2 mRNA by direct activating the expression of miR172C
(Figure 6D).** Ectopic expression of a miR172-resistant version of AP2in the
valves restricts fruit growth, which phenocopied the ful mutant.*** Recently, it
was discovered that cytokinin has a negative effect on fruit growth.
CYTOKININ  OXIDASE/DEHYDROGENASE 7 (CKX7), which encodes a
cytokinin degradation enzyme, is actively transcribed in the fruit valves.
Expression of CKX7 is activated by the MADS-box transcription factor SEED-
STICK (STK). As a result, both stk and ckx7 mutant produce shorter fruits.”®
STK was known by its function in funiculus development and ovule pattern-
ing.*" In this regard, it remains to be discriminate if the retard fruit growth in
stk was originated from ovule defects or cytokinin accumulation or both.

In order to dispersal the seeds at maturation, the Arabidopsis fruits devise
the dehiscent zones (DZs) in the valve margin to promote fruit dehiscence
(Figure 6D). The DZ is observed as the separation layer (SL) and the lignified
layer (LL) at the valve margin in the cross section of a mature fruit.*** The SL
is characterized by a layer of isodiametric and parenchyma cells locate near
to the replum, whilst the LL is positioned at the edge of the valve with cells
developed rigid secondary walls (Figure 6D). In addition, the LL cells are
connected with the lignified endocarp b (endb) layer of the valve to form a
half-ring pattern in each valve.” When the fruits mature, the valve
parenchyma cells lose water and generate mechanical force that promote the
valve to break at the LL, and hence, the pod dehiscence took place. In
Arabidopsis, the differentiation of the DZ is governed by an intricate genetic
regulatory network that has been recently extensively reviewed.”* In brief, the
DZ identity is specified by the MADS-box transcription factor SHATTER-
PROOFT and 2 (SHP1/2) and IND.*” The SL cell identity alone is established
by the myb/bHLH transcription factor, ALCATRAZ (ALC).” Expression of
both IND and ALC depends on SHPs and all these four genes are negatively
regulated by FUL in the valve and RPL in the replum, respectively, in a sand-
wich pattern to pattern the DZ (Figure 6D).*" In addition to these transcrip-
tion factors, plant hormones have also been demonstrated to play a pivotal
function in DZ differentiation. For example, IND mediates the PIN protein
localization by dynamically regulating the expression AGC3-type protein
kinase PID and WAGZ2. As a result, an auxin fluctuation is created during the
DZ patterning process with a maximum required for early cell identity deter-
mination and a minimum for later cell differentiation.”™" Additionally, GA3ox
was identified as another direct target of IND, which encode a metabolic
enzyme involved in GA biosynthesis. In the DZ, high level GA destabilize
DELLA repressors and release ALC in SL specification.” Moreover, it was
recently discovered that TCS:GFP is specifically localized in the DZ and
exogenous cytokinin (benzylaminopurine, BAP) application rescued the inde-
hiscent fruit defect in both ind and shpl, shp2 double mutant, indicating
another potential output of the SHP-IND module is to monitor cytokinin
homeostasis during DZ development.”™ Finally, the maturation of DZ is
promoted by the deposition of excessive secondary cell walls in the LL and
cell disintegration in the SL, respectively (Figure 6D).*** These processes are
mediated by the NAC transcription factor NAC SECONDARY WALL THICKEN-
ING PROMOTING FACTORT1 (NSTT1) in the LL and the polygalacturonase (PG)
proteins ARABIDOPSIS DEHISCENCE ZONE POLYGALACTURONASET
(ADPG1) and ADPG2 in the SL, respectively.”**> All together, these observa-
tions suggest the development of a simple DZ is coordinated by a complex
genetic cascade with transcription factors intertwined with phytohormones.
How these hormones are intercrossed to direct the DZ differentiation is an
intriguingly topic that await further clarification.

GERMLINE SPECIFICATION AND FERTILIZATION

The process of sexual reproduction in flowering plants occurs within the
diploid sporophyte and haploid gametophyte generations. Germline specifi-
cation enables cells of the diploid sporophyte generation in plants to transi-
tion into the haploid gametophyte generation. This process ultimately leads
to the production of female and male gametes (Figure 7 & Table S7). These
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Figure 7. Gametophytic development and fertilization in Arabidopsis During microsporogenesis, the diploid pollen mother cell (microsporocyte, MS) undergoes two rounds of
meiotic divisions, forming a tetrad with four haploid MSs. Subsequently, MSs are released from the tetrads. During microgametogenesis, MSs polarize and proceed to undergo
highly asymmetric division, pollen mitosis | (PMI), culminating in the formation of two unequal daughter cells: a large VC and a small GC. The GC migrates into the VC to form a
unique cell-within-a-cell structure. The GC undergoes the mitotic division, PMII, to produce two male gametes. During microsporogenesis, the MMC within the ovule undergoes
meiosis, forming four aligned megaspores, with the one at the chlazal end survives and develops as the functional megaspore (FM) and the other three degenerate. The FM
undergoes three rounds of nuclear division forming an eight-nucleated syncytium. After reposition of the two polar nuclei in the central part, cellularization partitions the
syncytium into seven cells: an egg cell, a central cell, two synergid cells and three antipodal cells. Once landing on the stigma, compatible pollen hydrates to protrude pollen tube
penetrating the papilla cell. In the style, the pollen tubes are attracted by attractants secreted by synergids to target the ovule. Upon contact communication of pollen tube with
the receptive synergid, pollen tube and synergid collapse to enable the release of two sperm cells for double fertilization.

haploid gametes ultimately return to the sporophyte generation through
fertilization. Germline specification and fertilization are crucial for the alterna-
tion of generations in plants. During this process, specific steps differentiate
into distinct cell types. Although each of these cell types is transient, they are
critical to the successful progression of sexual reproduction.®®

The germline comprises cells destined for gamete production.'” Germline
specialization generates haploid male and female gametes. During fertiliza-
tion, these gametes fuse, integrating genetic material from both parents to
form diploid offspring. The sporophytic generation initiates with the zygote
and persists until meiosis occurs in the megaspore mother cell (MMC) and

pollen mother cell (microsporocyte). This generation constitutes the predom-
inant phase of angiosperm life cycles. Meiosis of the MMC and microsporo-
cyte, generating haploid megaspores and microspores, respectively. During
the gametophytic phase, the haploid megaspores and microspores undergo
successive mitotic divisions, defining their developmental trajectory.®'’ The
megaspores differentiate into the female gametophyte, whereas the
microspores develop into the male gametophyte. The stage continues until
fertilization occurs between the male and female gametophytes, culminating
in the transition of the gametophytic generation into the sporophytic genera-
tion. This phenomenon of regular alternation between gametophytic and
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sporophytic generations in the life cycle is called the alternation of generations.

Flowering plants possess multicellular gametophytes. In the anthers,
microsporocytes undergo meiosis and mitosis to form pollen grains (male
gametophyte), which contain two sperm cells (male gametes) that are
enclosed in a pollen vegetative cell (Figure 7). The MMC, derived from a single
subepidermal cell in the nucleus of the ovule embedded in the ovary of the
carpel, undergoes meiosis to form a tetrad of megaspores (1n). In most flow-
ering plants, three of these cells located at the distal end of the ovule
primordium degenerate. The remaining chalazal cell subsequently under-
goes three rounds of mitosis to form a multicellular embryo sac. This struc-
ture comprises two synergid cells, one egg cell, one central cell, and three
antipodal cells, representing the predominant form of female gametophytes
in flowering plants (Figure 7).%'°

Fertilization in flowering plants begins with the pollination after anthesis,
including sequential events of pollen adhesion, recognition, hydration, and
germination on the stigma. Then, the germinated pollen tube traverses the
stigma and style, growing through transmitting tissues. Guided by ovular
signals, the pollen tube enters the embryo sac via the micropyle, ruptures,
and releases two sperm cells. One sperm cell fuses with the egg cell to form
the zygote, developing into the embryo, while the other one fuses with the
central cell to develop into the endosperm (Figure 7).°** This fertilization
process is known as double fertilization. The delivery of male gametes to the
female gametophyte via the pollen tube to complete fertilization is referred to
as siphonogamy. After double fertilization, the plant transitions from the
gametophytic generation to the sporophytic generation.” Ultimately, the fertil-
ized ovule develops into seeds following seed development and morphogen-
esis. It subsequently acquires the ability to live independently after matura-
tion and dehydration.””

Germline development and fertilization are governed by complex molecu-
lar and cellular mechanisms involving precisely coordinated signaling path-
ways and gene regulatory networks. Deciphering these mechanisms have
provided fundamental insights into reproductive biology, including the origins
of genetic diversity and evolutionary adaptation strategies. From an applied
perspective, the knowledge enables the development of crops with enhanced
yield, improved nutritional quality, and increased resilience to biotic and
abiotic stressors. Furthermore, optimization of fertilization efficiency through
targeted interventions can directly improve agricultural productivity, thereby
support global food security and promote sustainable ecosystem manage-
ment.

Male germline specification

In flowering plants, male germline development originates within the
anther. Diploid microsporocytes arise in the anther locules. Following meio-
sis (two successive nuclear divisions), microsporocytes produce haploid
tetrads of microspores through microsporogenesis. These microspores
differentiate and are released from the tetrad (Figure 7). Upon release, the
microspore undergoes rapid expansion. Small vacuoles within the cell
coalesce into a dominant central vacuole, sequestering the nucleus to the
periphery—a process termed microspore polarization (Figure 7). Microspore
polarization is not merely a passive consequence of vacuolar expansion but
an active process requiring microtubule-mediated cytoskeletal reorganiza-
tion.”” Polarized microspores then undergo asymmetric pollen mitosis | (PM
), yielding two distinct cell types: a large vegetative cell (VC) and a smaller
generative cell (GC). The GC subsequently becomes entirely enclosed within
the VC cytoplasm, establishing a characteristic cell-within-cell configuration
(Figure 7).5*"" Through symmetric pollen mitosis Il (PM II), the GC divides to
produce two sperm cells (Figure 7).° These sperm cells are male gametes,
and together with the VC, they constitute the male gametophyte (pollen
grain). The sperm cells remain interconnected until fertilization. One sperm
cell extends a cytoplasmic projection that anchors the vegetative nucleus,
maintaining physical connectivity and forming a cellular structure called the
male germ unit (MGU).***"

231 The division of the generative cell into two sperm
cells via PMIl occurs within the pollen grains in approximately 30% of
angiosperm species, whereas in the remaining species, this process takes
place within the pollen tube. Consequently, anthers release either bicellular
(containing a VC and a GC) or tricellular (containing a VC and two sperm
cells) pollen grains.*

During microgametogenesis, cell division and fate determination are regu-
lated by intricate mechanisms. The microspore serves as the germline
progenitor, with PM | establishing cellular polarity. This process critically
depends on microtubule-associated proteins and regulators. These compo-
nents coordinate nuclear positioning and division plane orientation to estab-
lish the cell polarity required for asymmetric division and germ cell fate.
Disruption of these mechanisms, as exemplified by Arabidopsis MICRO-
TUBULE ORGANIZATION 1 (MORT) mutants, compromises division asym-
metry and cytokinesis, leading to complete male germline abortion.*%*"%*"
Specifically, MORT1-deficient microspores fail to establish the polarized
microtubule arrays required for asymmetric nuclear migration prior to PM |.
This failure results in symmetric divisions that preclude germ cell differentia-
tion.

Cell cycle control variations in vegetative and germ cells are crucial for
germline specification and male gametophyte patterning. Key players include
Chromatin Assembly Factor 1 (CAFT), which is pivotal in DNA replication,
facilitating the deposition of histones H3 and H4 onto DNA to assemble
nucleosomes.””” Defects in CAFT result in cell cycle arrest, preventing
progression of GC to the subsequent PM Il stage and culminating in a single
sperm cell.”” Additionally, the A-type cyclin-dependent kinase (CDKA;1) is
essential for germ cell division in Arabidopsis, with cdka,; 7 mutant displaying
retarded S-phase and delayed germ cell entry into mitosis during pollen tube
growth.” The F BOX-LIKE 17 (FBL17) is expressed in male germ cells post-
PM I and forms part of the SCF E3 ubiquitin ligase complex, targeting CDK
inhibitors  KIP-RELATED PROTEIN 6 (KRP6) and KRP7 for degradation,
thereby facilitating germ cell advancement through S-phase.** The fb/17
mutant exhibited a similar germ cell defect to cdka; 7%%°%" while CDKA's activ-
ity is hypothesized to be inhibited by KRP6/7 in VCs, hindering their cell cycle
progression. Germline-specific expression of FBLT17 thus differentially
controls the cell cycle in GCs and VCs, facilitating germ cell progression
through S-phase.

Unlike FBL17 and CDKA, the RETINOBLASTOMA-RELATED (RBR) protein
acts as a repressor, inhibiting vegetative cell re-entry into the cell cycle.*”
Loss of function mutation in RBR causes mild over-proliferation of VCs, and,
to a lesser degree, GCs.”™ In dividing cells, CDKA forms complex with cyclin
D2 to phosphorylate RBR, preventing its interaction with E2Fs transcription
factors, culminating in relief of the inhibition of S-phase genes.”** Never-
theless, CDKA in the VC does not alleviate RBR-mediated S-phase progres-
sion inhibition, possibly due to high KRP6 and KRP7 levels in the VC.
Conversely, VC proliferation relies on CDKA in RBR's absence.” The findings
above demonstrate that precise regulation of the cell cycle in distinct cells
during microgametogenesis is essential for cell division and fate determina-
tion.

Germline specification follows the asymmetric and then the symmetric
mitosis, under the control of two R2R3 MYB protein DUO POLLEN 1 (DUOT)
and DUO3.*"* DUOT, specifically expressed in the male germline, is crucial
for male germ cell differentiation.”"****" Defective DUOT results in arrested
PM Il of germ cells at G2-M transition, yielding non-fertile GC.™"****** DUO1
influences the transcription of genes like DUOT-ACTIVATED ZINC FINGER1
(DAZ1) and DAZ2 in GCs, facilitating mitotic entry at the G2/M transition.™'
The duol mutant also shows suppressed expression of male germline-
specific genes such as MALE-GAMETE-SPECIFIC HISTONE H3 (MGHS),
HAPLESS 2/GENERATIVE CELL SPECIFIC 1 (HAP2/GCST), and GAMETE
EXPRESSED 2 (GEX2).™ DUO 1 and PCF (TCP)-DOMAIN FAMILY PROTEIN
20 (TCP20) transcription factor collectively regulate the expression of the
G2/M regulator CYCLIN B1;1 (CYCB1;1), which is necessary for germ cells to
enter mitosis at G2-M transition.**"***** DUO3 promotes germ cell mitotic
entry independently of the DUOT-CDPK1;1 pathway. DUOT and DUO3
conjointly influence a subset of germline genes, underscoring their combined
impact on sperm cell specification and fertilization.”* With the orchestration
of these regulators, the GC proceeds to divide mitotically (PM Il) producing
two sperm cells, ready for the subsequent fertilization.

Female germline specification

In most angiosperms, a single subepidermal archesporial cell in the apical
region of the ovule primordium gives rise to the MMC. The MMC undergoes
meiosis, generating four haploid megaspores through megasporogenesis
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(Figure 7). Three megaspores undergo programmed cell death (PCD) and
degenerate, leaving a single functional megaspore (FM) (Figure 7). The FM
then undergoes three mitotic nuclear divisions without cytokinesis. The first
mitosis produces a binucleate embryo sac. A central vacuole subsequently
develops between the nuclei, partitioning the cell into micropylar and chalazal
domains. During the second mitosis, both nuclei divide synchronously, result-
ing in a tetranucleate embryo sac. Concurrently, the central vacuole expands
further. The third mitosis generates an octonucleate embryo sac: three nuclei
cluster at the micropylar pole, three at the chalazal pole, and two polar nuclei
flank the central vacuole (Figure 7). Following this, one chalazal polar nucleus
migrates toward the micropylar pole. Cellularization simultaneously trans-
forms the syncytium into a seven-celled structure containing eight nuclei.
The migrating polar nucleus fuses with its micropylar counterpart, forming a
diploid secondary nucleus in the central cell. This completes the develop-
ment of the seven-celled, eight-nucleate female gametophyte (FG), compris-
ing two synergids and an egg cell at the micropylar pole, three antipodal cells
at the chalazal pole, and a binucleate central cell (Figure 7).*'%*** The synergid-
eqg cell complex (egg apparatus) and central cell collectively form the female
germ unit (FGU). The egg cell and central cell serve as the two types of
female gametes.*

The process of female germline specification is regulated by intricate
mechanisms, primarily including transcriptional regulation, cell positional
information, and phytohormone level, among others. Specific cell types
possess distinct gene expression profiles to facilitate their specialized func-
tions. Transcriptional regulation mediated by specific transcription factors is
critical for the process of female germline specification. In Arabidopsis, RWP-
RK domain-containing transcription factors 1 (RKDT) and RKD2, preferen-
tially expressed in the egg cell, regulate the expression of egg-cell-specific
genes.” Remarkably, ectopic expression of RKDT and RKDZ in sporophytic
cells can induce an egg cell-like transcriptome in Arabidopsis, indicating their

egg cell specification and modify the transcriptomic landscape of ovule
tissues. This demonstrates the RKD proteins' shared functions in egg cell
development.*****® Additionally, MpRKDs are reported to be crucial for egg cell
differentiation or egg cell arrest in liverwort, suggesting a conserved function
in egg cell specification during evolution.”"**

In the process of female germline specification, positional information of
individual cells plays a pivotal role in guiding their differentiation and fate
determination (refer to a recent review™). This is exemplified by the signifi-
cant impact of positional dynamics within the female gametophyte on deter-
mining egg cell fate.** In the eight-nucleate syncytium, nuclei relocated to
different positions acquire distinct cell identities. Nuclei from different origins
associated with auxin distribution, with the egg cell exhibiting higher auxin
concentrations than synergids.*”

Phytohormones orchestrate diverse aspects of plant growth and develop-
ment, with their precise regulation being essential for cellular differentiation
and fate determination. In the context of female germline specification,
spatiotemporal modulation of phytohormone levels within tissues and indi-
vidual cells is crucial for guiding cell fate decisions (refer to a recent
review*"). As an example, in Arabidopsis ovules, GA biosynthesis/signaling is
confined to primordia. Overexpressing GA receptors/enzymes causes multi-
ple enlarged MMCs. GA signaling degrades CK type-B Arabidopsis response
regulators ARR1/10/12 (ARR1/10/12), which bind DELLAs. CK components
are expressed in MMCs and sporophytic cells but are GA-suppressed; pertur-
bations induce ectopic MMC-like cells. SHRUBBY (SHBY) interacts with
GA/CK machinery to inhibit GA-induced degradation. CK restricts sub-epider-
mal cells from adopting MMC identity. GA and CK antagonistically balance
degradation to regulate female germline specification.*’

Genetic mutants like eostre, wyrd, Lachesis (lis), clotho (clo/gfal), Atropos
(ato), and Altered meristem program 1 (ampT) often develop multiple egg
cells, indicating disruptions in cell fate determination.*”*“** For instance, in /is
mutants, accessory cells adopt a gametic cell fate, highlighting LIS's role in
preventing such cellular fate transitions.*** eostre mutants demonstrate
aberrant expression of BELT-LIKE HOMEODOMAIN 1 (BLHT) and interaction
with KNOTTED1-LIKE HOMEOBOX GENE 3 (KNAT3), a class Il KNOX gene."®
Conversely, mutations in lis, ato, and clo affect splicing machinery compo-
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nents, suggesting a link between gametic fate restriction and post-transcrip-
tional mechanisms.***

Molecular regulation of fertilization

Upon deposition of pollen grains on the stigma of a flower, a tip-growing
pollen tube emerges and elongates into the style of the pistil. This process
marks the onset of pollen tube guidance (Figure 7).****" To date, insights into
the molecular mechanisms governing these processes have been largely
obtained from investigations in the model plant Arabidopsis. Stigma-pollen
tube interaction factors, such as Rapid alkalinization factor (RALF)-FERONIA
(FER) peptide-receptor pairs, govern the stigma-pollen recognition for effi-
cient pollen germination and exclude alien pollen.*”***” During the invasive
growth of pollen tube, their integrity is controlled by the balance between the
internal turgor and cell wall mechanics. The integrity of the pollen tube is
maintained by cell surface proteins, like receptor kinases ANXUR1/2
(ANX1/2) and BUDDHA'S PAPER SEAL 1/2 (BUPS1/2), peptides RALF 4/19
and cell-wall-associated LEUCINE-RICH REPEAT/EXTENSINSs (LRXs)."**""

After passing through the solid style, pollen tubes enter the transmitting
tissue that undergoes cell death in the central part to form a “"tunnel”. Within
this tunnel, pollen tubes continuously perceive and respond to guiding signals
from female gametophytes for precise targeting (Figure 7). MILDEW RESIS-
TANCE LOCUS O (MLO) family members MLO5, 9, and 15 identified as key
regulators for cytosolic Ca® gradient regulation.*'” Mutations in MLO5 and 9
results in highly coiled pollen tubes on the septum surface outside the
micropyle and impaired the cytosolic Ca® level,"”” implicating the role of
MLOs in coupling ovular guiding signals and Ca®" signaling. This polarized
growth culminates in the pollen tube arrival at the receptive synergid and
subsequent release of two sperm cells. Secreted peptides, such as the
synergids-derived LUREs, XIUQIUs, TICKETs, NON-DEFENSIN PEPTIDE
ATTRACTANT 1 (NPA1) and central cell-derived SALVAGERs, have been
identified as guiding signals.”'**'"° These series of guiding signals direct pollen
tube exit from the transmitting tissue towards the ovule and into the embryo
sac (Figure 7). Synergids and the central cell serve as primary sources of
these pollen tube attractants.”“**’ These signals are perceived by receptor
kinases localized on the pollen tube plasma membrane.””'** Under condi-
tions of failed double fertilization, the persistent synergid attracts another
pollen tube. When both synergids are consumed and double fertilization still
fails, the central cell releases stored SALVAGERs to attract additional pollen
tubes for seed production salvage.’*®**#**

Upon synergid entry, the pollen tube bursts, releasing its cytoplasm and
two sperm cells, an event known as pollen tube reception (Figure 7).*" FER,
ANJEA (ANJ), HERCULES RECEPTOR KINASE (HERK) and LORELEI (LRE),
and the pollen tube derived ligands RALFs are critical in this process, as their
mutants exhibit pollen tube overgrowth around the synergid cells without
pollen tube burst.***" The compatible synergid-pollen tube interaction
induces characterized Ca® spikes in both synergids. The receptive synergid
undergoes degeneration, while the remaining synergid (known as persistent
synergid) remains intact."”® The Ca®" spikes are mediated by FER and its
downstream MLO protein NORTIA (NTA) that is recruited to the synergid
plasma membrane upon effective synergid-pollen tube interaction.**

Following release, the sperm cells migrate to the interspace between the
egg cell and central cell (Figure 7). Sperm cell positioning is vital for success-
ful double fertilization, where simultaneous attachment of two sperms to the
eqg cell leads to one sperm being repositioned towards the central cell.*#**°
During sperm contact, the egg cell secretes the cysteine-rich peptide EGG
CELL 1 (EC1) to induce the secretion of fusogen HAP2/GCST to the sperm
cell surface. HAP2/GCST then acts together with the four-pass transmem-
brane protein DUF679 DOMAIN MEMBRANE PROTEIN 8/9 (DMP8/9) to facili-
tate gamete fusion in Arabidopsis.””'** Before fusion, the sperm-specific
protein GEX2 is crucial for gamete attachment, with its disruption leading to
attachment failure.*****  Sperm cell surface cation/H" transporters
CATION/H" EXCHANGER 17/18/19 (CHX17/18/19) simultaneously affect the
sperm cell shape and its adhesion with the female gametes in an indepen-
dent pathway from GEX2 and DMP8/9.*° Following adhesion, fusogen
protein HAP2/GCS1 on the sperm plasma membrane form a trimer to bring
the two membranes of the male and female gametes to merge into one.*”"*’

Different mechanisms at different stage of male-female interaction during
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fertilization are employed to prevent entry of more than one pollen tube,
preventing polyspermy that changes the offspring ploidy and viability. RALFs
derived from the pollen tube collaborate with their receptors, FER, ANJ, and
HERK1 on the septum surface, to regulate single pollen tube exit from the
transmitting tract.* Synergid cells that successfully trigger pollen tube burst
induced NO production from the synergid to prevent additional pollen tube
entry through inactivating LURET.”* The fertilization of both female gametes
both contribute to terminating pollen tube attraction. After successful fertil-
ization, the egg cell secretes proteinase EGG CELL-SPECIFIC 1/2 (ECS1/2) to
cleave LURE1.*” The fertilized central cell fuses with the persistent synergid
to terminate synergid-based pollen tube attraction following double fertiliza-
tion.”" Additionally, ARABINOGALACTAN PROTEIN/JAGGER (AGP4/JAGGER)
is also required for the elimination of the persistent synergid.*** After fertiliza-
tion, SALVAGERs are secreted to the seed coat or maintained in the
endosperm, instead of being secreted to attract pollen tubes,”'* may act as
another layer to prevent polytubey after fertilization recovery.

FUTURE DIRECTIONS AND APPLICATIONS

Plant development represents a highly coordinated process governed by
genetic programs and environmental interactions. Significant advances have
been made in deciphering the roles of phytohormones, transcriptional regula-
tors, and signaling networks across various developmental stages. However,
many fundamental aspects remain incompletely understood. For instance,
floral development involves extreme complexity in organ formation and intri-
cate crosstalk among genetic, hormonal, and environmental factors, posing
substantial research challenges.”*** Furthermore, the field's heavy reliance
on a few model systems (e.g., Arabidopsis) constrains the comprehension of
floral architecture diversity, particularly in basal angiosperms and early-
diverging eudicots. Critical knowledge gaps persist in germline development
and fertilization, including the mechanisms of nuclear positioning and cell
fate determination within the embryo sac, molecular drivers of germ cell
migration, signaling cascades triggered by female-secreted peptides guiding
pollen tube growth, and processes governing sperm cell movement and
fusion with female gametes.

Translational applications of plant developmental biology are expanding
rapidly, particularly in designing crops with improved architecture and
resilience. Modulating branching patterns, plant height, and inflorescence
structure can enhance photosynthetic efficiency, reduce lodging, and facili-
tate mechanized harvesting.“**’ For instance, promoter engineering of /PA7
in rice helped break the trade-off between tiller number and panicle size.
Recently, BRD3, a gene involved in brassinosteroid metabolism, was identi-
fied as responsible for spikelet clustering in a specific rice germplasm. A
chromosomal structural variation fine-tunes tissue-specific brassinosteroid
levels, mitigating the antagonism between grain number and grain size,
thereby increasing yield."® Similarly, a large deletion on the short arm of
wheat chromosome results in the loss of three closely associated genes
modulating the balance between GA and BR signaling. This mutation confers
a beneficial semi-dwarf trait while increasing grain weight and nitrogen use
efficiency.”” In maize, the natural mutant /acT exhibits a “smart canopy”
architecture, characterized by upright upper leaves, less erect middle leaves,
and relatively flat lower leaves. It optimizes light capture and photosynthetic
efficiency under high planting densities, ultimately enhancing yield."”
Synthetic apomixis has emerged as a highly promising tool for rapidly fixing
elite agronomic traits in crop species. By enabling the clonal propagation of
seeds through asexual reproduction, this technology allows the preservation
of superior genetic combinations, such as high vyield, disease resistance, or
stress tolerance, over multiple generations without segregation.””’

Emerging technologies are accelerating trait design and breeding
programs. For example, a breeding robot named GEAIR (Genome Editing
combined with Al-based Robotics) leverages knowledge of floral develop-
ment to open a new venue for Al-assisted breeding and intelligent
cultivation.””” Nevertheless, several challenges remain. A primary hurdle is
identifying key genes and cis-regulatory elements essential for target traits.
Integrating multi-omics approaches, including genomics, transcriptomics,
proteomics, and metabolomics, will provide systems-level insights into the
regulatory and metabolic networks steering plant growth and adaptation.
Additionally, developing efficient gene editing systems is critical, particularly

in situ knock-in strategies and tissue-culture-free heritable genome editing
technologies to facilitate broader application across species. Overcoming the
haploid induction bottleneck remains imperative for achieving efficient
synthetic apomixis.**’

Looking forward, a more comprehensive understanding of the antagonistic
and synergistic relationships between agronomic traits, coupled with
advanced technologies such as genome editing, apomixis, and Al-assisted
breeding systems, will be essential to achieve predictive crop design. In
summary, plant development research has revealed a complex tapestry of
genetic and environmental interactions that shape the plant life cycle. The
profound insights from this field not only deepen our fundamental knowl-
edge but also offer significant practical potential. Leveraging a whole-life-
cycle perspective on plant development will enable the engineering of more
resilient crops, enhance agricultural productivity, and contribute to sustain-
able ecosystem management. As research continues to unravel develop-
mental complexities, it becomes increasingly evident that plants hold solu-
tions to some of humanity's most pressing challenges. The integration of
artificial intelligence, spatial transcriptomics,”**" and streamlined gene
delivery and editing systems,”*““" is expected to establish a new paradigm in
plant developmental biology, heralding a transformative phase characterized
by groundbreaking discoveries and technological innovations.
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