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Abstract

Seed germination is a critical developmental transition during which stored reserves are mobilized, and metabolic networks are rapidly reprogrammed in
response to environmental cues. Phenylpropanoid metabolism plays a central role in this process by supplying both structural components, such as lignin,
and signaling molecules, including flavonoids and phenolics. Here, we synthesize the current knowledge of phenylpropanoid metabolism during seed
germination and propose the structure-signal dual hub model, which hypothesizes that carbon flux at the p-coumaroyl-CoA branch point is functionally
partitioned between a structural hub supporting cell wall reinforcement and a signaling hub acting as an indirect metabolic modulator of hormone and
redox environments. We further discuss how stress conditions may bias carbon allocation toward distinct hub-associated outputs, thereby contributing to
metabolic plasticity during the germination period. We present a framework that links metabolic flux control to environmental responsiveness and may

serve as a conceptual scaffold for future studies.
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Introduction

Seed germination: a critical developmental
gating and phase transition

Seed germination represents the metabolic reactivation of a
biological system from a metabolically inactive and dehydrated
state, characterized by a definitive developmental shift from quies-
cence to active growth['l. During this stage, the embryo must
complete the transition from heterotrophic to autotrophic metab-
olism within an extremely limited time window, while simultaneously
coping with potential extreme physical and chemical challenges in
the external environment of the seed!?. Given the limited carbon
and energy reserves in seeds, the allocation of phenylpropanoid flux
between lignin and flavonoid biosynthesis represents a critical trade-
off between structural investment and signal perception.

This process involves a series of fundamental physiological
events, beginning with rapid water uptake, during which the seed
undergoes physical imbibition and membrane integrity is repaired
to reduce electrolyte leakage. Subsequently, basal energy metab-
olism is activated, with glycolysis and the tricarboxylic acid (TCA)
cycle rapidly activated to provide ATP for cellular resuscitation41,
This is followed by physical remodeling of the cell wall and the re-
establishment of the endogenous hormonal balance.

In the macroscopic network of hormonal regulation, the dynamic
interplay between gibberellin (GA) and abscisic acid (ABA) has long
been regarded as the primary determinant of seed fate. GA is
responsible for breaking dormancy, initiating cell elongation, and
promoting germination, whereas ABA maintains dormancy and
inhibits germinationll. Intriguingly, recent evidence suggests that
the GA/ABA balance may exert its regulatory influence by modulating
phenylpropanoid metabolism, thereby positioning this pathway as a
downstream effector of hormonal signals®l. Further direct experi-
mental validation of the effector role during germination would be
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valuable. However, traditional seed biology has primarily focused on
hormonal regulation, with the complex regulatory contributions of
specialized metabolic networks often receiving less attention than
warranted.

In particular, a systemic investigation into whether the two major
branches, lignin (structural) and flavonoids (signaling), operate as
an integrated system to coordinately regulate germination is
currently lacking. Emerging studies have highlighted the involve-
ment of phenylpropanoid-derived compounds in modulating reac-
tive oxygen species (ROS) homeostasis and hormone sensitivity
during germination”). We hypothesize that successful seed germi-
nation largely depends on how the embryo allocates limited carbon
sources to achieve a survival balance between constructing rigid
physical supports and maintaining sensitive environmental percep-
tion. Resource-constrained metabolic competition and allocation
strategy are the main focus of this report.

Phenylpropanoid metabolism: a natural
structure and signal bifurcation system

As the secondary metabolic pathway with the highest flux in land
plants, phenylpropanoid metabolism is a quantitatively important
source of specialized metabolitesl®l. Cross-species conservation
suggests a central role for phenylpropanoid metabolism in terrestrial
plant adaptation; however, it also raises a key question: during the
brief and highly dynamic process of seed germination, how is this
conserved biochemical framework flexibly regulated to achieve
specific functional outcomes? This pathway commences with three
enzymatic steps: phenylalanine ammonia-lyase (PAL), cinnamate
4-hydroxylase (C4H), and 4-coumarate: coenzyme A (CoA) ligase
(4CL)sl,

PAL acts as the primary gatekeeper, catalyzing the deamination of
L-phenylalanine to generate trans-cinnamic acid (CA). In addition to
its MIO-group-initiated catalytic mechanism, PAL activity is subject
to multi-layered 'safety valve' regulation, being transcriptionally
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regulated and subjected to rapid post-translational control via
the ubiquitin-proteasome system, a multi-layered regulatory mech-
anism crucial for prompt environmental responses during early
germination(®l,

Following PAL, C4H hydroxylates cinnamic acid at the 4-position
to generate p-coumaric acid, facilitating the spatiotemporal organi-
zation and metabolic channeling of downstream enzymes. 4CL
catalyzes the ligation of p-coumaric acid with CoA to generate
the high-energy thioester compound p-coumaroyl-CoA. This step
consumes ATP, activating the phenylpropanoid backbone and
enabling it to participate in subsequent polymerization and conden-
sation reactions!'%l. Notably, the functional diversity of 4CL isozymes
is not merely genetic redundancy but provides a critical molecular
basis for precise carbon flux allocation. Different 4CL isoforms may
possess substrate preferences or spatial associations with specific
downstream branches, thereby enabling rapid metabolic rerouting
before transcriptional changes occur!'l.

p-Coumaroyl-CoA acts as a pivotal branch-point intermediate,
directing carbon partitioning between two functional hubs for vari-
ous downstream branches of the entire pathway, where carbon flow
undergoes a diversionl'Z, Flux partitioning at this critical juncture is
dynamically regulated by factors such as the relative activity and
abundance of committing enzymes (e.g., hydroxycinnamoyl trans-
ferase [HCT] vs. chalcone synthase [CHS]), transcriptional activation
of downstream branch-specific genes, and metabolic feedback,
determining the resource investment strategy between structural
fortification and signaling modulation!'3l.

At this node, HCT and CHS directly compete for the same
substratel’4., At the transcriptional level, HCT genes are part of the
lignin biosynthesis program and are activated by the secondary wall
regulatory network, whereas CHS genes are regulated by MYB-bHLH-
WD complexes that are responsive to light and various stresses
(e.g., Arabidopsis PAP1/MYB12 interacting with bHLH transcriptional
factors)['>161, Downstream metabolite feedback further modulates
branch allocation. Flavonoid pathway intermediates (e.g., naringenin
and dihydroflavonols) can inhibit CHS activity in vitrol'7), Collectively,
these mechanisms—enzyme kinetic competition, divergent tran-
scriptional regulation, and metabolic feedback—establish the deci-
sion logic at the p-coumaroyl-CoA branch point, quantitatively
determining carbon partitioning between the lignin and flavonoid
pathways.

We define the lignin branch as the Structural Hub because of its
role in providing a physical barrier through cell wall deposition and
the flavonoid branch as the Signal Hub for its involvement in signal-
ing networks via modulating redox homeostasis and hormone
distribution.

The Structural Hub (lignin branch) is primarily guided by hydrox-
ycinnamoyl-CoA shikimate/quinate HCT and subsequent enzyme
systems (such as C3H, CCoOAOMT, CCR, and CAD), and enters the
lignin monomer biosynthesis pathway. Lignin is exported and
deposited in the cell wall, providing physical support and a
hydrophobic barrierl®l. In addition to supporting root xylem, lignin
deposition in the root base (new root system) also promotes root
hair development and deep root extension!'8l, Although HCT is a
major entry point for G and S lignin units, the structural hub encom-
passes a branched pathway that supports cell wall reinforcement.

The Signal Hub (flavonoid branch) is primarily guided by CHS,
which directs the flux toward the biosynthesis of thousands of
flavonoids!'?l. Rather than being simple antioxidants, these com-
pounds function as indirect signaling modulators. Although flavon-
oids are often broadly termed signaling molecules, direct evidence
demonstrating their function as bona fide signal transducers
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remains limited, with more robust evidence supporting their role as
indirect modulators of cellular signaling networks, primarily by regu-
lating ROS homeostasis and influencing hormone transport!'?. This
role as an indirect signaling modulator may be a more accurate
description.

In this framework, we refer to the lignin branch as the Structural
Hub, which dynamically regulates the physical barrier of the seed
coat, and the flavonoid branch as the Signal Hub, which fine-tunes
the germination threshold by integrating ROS homeostasis and
hormone transport regulation. Crucially, although conceptually
separated, these two hubs are metabolically interconnected. For
instance, some phenylpropanoid precursors or derivatives may
influence both structural integrity and signaling capacity, and
lignin deposition may physically compartmentalize or modulate the
activity of signaling molecules. Their dynamic interactions, through
substrate competition, metabolic crosstalk, and potential physical
compartmentalization, form the core of the structure-signal dual
hub model.

The conceptual framework of the structure-
signal dual hub model

Although the metabolic branching of phenylpropanoids is well
established, the structure-signal dual hub model seeks to integrate
these classical pathways into a coordinated regulatory circuit that
is specifically tailored to the unique physiological constraints of
seed germination. Historically, research on phenylpropanoid metab-
olism during seed germination has been characterized by separate
approaches. Traditional seed biology has primarily focused on
hormonal regulation (e.g., GA/ABA balance), with the complex regu-
latory contributions of specialized metabolic networks often receiv-
ing less attention until recently[20.21],

The central argument of this report is that the two major
branches of phenylpropanoid metabolism function as an integrated,
co-regulated metabolic circuit in plants. Through spatiotemporal
division of labor, substrate competition, and dynamic interactions,
they may constitute an integrated regulatory framework, referred to
here as the structure-signal dual hub model. This interaction could
manifest, for instance, under osmotic stress, where ABA signaling
prioritizes the Structural Hub for water retention while transiently
suppressing the Signal Hub; upon stress relief, the reactivated Signal
Hub helps scavenge accumulated ROS and promote growth recov-
ery. This model defines the lignin branch as the Structural Hub that
dynamically regulates the physical barrier of the seed coat and the
flavonoid branch as the Signal Hub that metabolically fine-tunes the
germination threshold by buffering ROS homeostasis and indirectly
influencing hormone transport. Figure 1 provides a comprehensive
overview of the phenylpropanoid pathway, highlighting the shared
precursor pool at p-coumaroyl-CoA and the divergent routes into
the structural (lignin) and signal (flavonoid) hubs, along with the key
regulatory enzymes discussed herein.

A central prediction of this model is that any stress affecting the
seed's perception of environmental or internal resource status is
hypothesized to lead to a quantifiable shift in carbon flux alloca-
tion between the two hubs, which is expected to directly impact
germination potential and stress tolerance. This regulation is finely
controlled at multiple levels, including the transcriptional, post-
translational, and epigenetic levels. The dual-hub system dynamically
regulates metabolic flow through synergistic dual-node control;
this adjustability relies on complex metabolic flux redirection (MFR)
mechanisms and the dynamic reallocation of carbon flow between
the two hubs in response to developmental and environmental
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Fig. 1 Structure-signal dual-hub model of phenylpropanoid metabolism.

cues, enabling seeds to adopt specific adaptive strategies based on
environmental pressure. However, this model represents a concep-
tual framework that requires further experimental validation. Key
questions, such as the extent to which carbon competition operates
under different physiological contexts and whether the model
applies equally to all seed types, remain to be answered.

Biochemical origins and functional
partitioning of the dual hubs

Formation of the shared precursor pool: from
gateway enzymes to the carbon divergence point

The initial stage of the phenylpropanoid metabolic pathway is
highly conserved and energy-intensive. This process involves the
structural rearrangement of precursor molecules, energy influx, and
carbon skeleton activation, providing the material foundation for
subsequent dual-hub differentiation!®l,

L-Phenylalanine is the starting point of the entire pathway and
connects primary and secondary metabolism. The initial crucial step
is facilitated by PAL, the enzyme that limits the rate of phenyl-
propanoid metabolism. This deamination reaction serves as a check-
point for carbon flow, marking its formal entry into the secondary
metabolic network from the shikimate pathway!?2., Structural biology
research has revealed that the PAL enzyme contains an electrophilic
center, the MIO (4-methylidene-imidazole-5-one) prosthetic group,
arising from an autocatalytic intramolecular cyclization of the
polypeptide backbone. This group initiates a nucleophilic attack on
the substrate's amino group to achieve efficient non-oxidative
deamination[?3l. From a molecular evolution perspective, this key
enzyme in land plants is thought to be closely associated with the
adaptation of ancestral plants to terrestrial environmental pressures,
such as UV radiation and drought!?#, thereby laying the biochemical
foundation for the germination of their descendants' seeds in com-
plex environments.
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Following PAL and C4H, 4CL continues the flavonoid biosynthesis
pathway. The cytochrome P450 enzyme C4H hydroxylates cinnamic
acid to p-coumaric acid, which is dependent on NADPH and oxygen.
Subsequently, 4CL utilizes the energy from ATP hydrolysis to ligate
coenzyme A (CoA) to the carboxyl group of p-coumaric acid, forming
a high-energy thioester compound, p-coumaroyl-CoAR3l, This step
activates the relatively inert phenylpropanoid backbone, placing it
in a high-energy state capable of participating in complex down-
stream polymerization and condensation reactions. Notably, multiple
4CL isozymes typically exist in different species with varying sub-
strate affinities, and this genetic redundancy provides a genetic
framework for refined control over the flux partitioning of pathway
flow into different branches(22,

At this point, p-coumaroyl-CoA is formally established as the
common starter unit for the entire pathway. Although this pool is
shared, it is inherently limited, which sets the stage for metabolic
competition between the two hubs, which are critical nodes where
carbon flow diverges and chooses to enter either the structural or
signal hub.

Entry into the structural hub is primarily mediated by hydroxycin-
namoyl-CoA shikimate/quinate hydroxycinnamoyl transferase (HCT).
HCT conjugates p-coumaroyl-CoA with shikimic acid or quinic acid, a
step that allows the substrate to be recognized by downstream C3
hydroxylases. Lignin monomers are generated through a complex
series of reactions catalyzed by C3H, CCoOAOMT, CCR, and CAD. This
pathway generally leads to long-term structural deposition, effec-
tively incorporating carbon into the cell wall over developmental
timescales.

Entry into the signal hub is controlled by CHS. CHS, belonging to
the polyketide synthase superfamily, catalyzes the condensation of
one molecule of p-coumaroyl-CoA with three molecules of malonyl-
CoA to form chalcone. Chalcone is the parent skeleton of all
flavonoid compounds, marking the formal entry of carbon flow into
the realm of signal regulation and chemical defense.

This biochemical bifurcation provides a plausible biochemical
basis for the proposed structure-signal dual hub model.
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The structural hub: mechanical strength and
rigidity maintenance of the seed coat

The structural hub is represented by the lignin biosynthesis
branch. Lignin is the second most abundant biopolymer on Earth
and is primarily deposited in the secondary cell walls of vascular
plants. During seed germination, the function of the structural hub
is far more complex than simple structural support.

During the late stages of seed maturation, the structural hub is
highly active and deposits lignin, which establishes the physical
basis for dormancy26l. Upon imbibition, the function of this pre-
existing hub shifts from deposition to dynamic modulation, including
localized softening at the micropylar end and controlled permeabil-
ity, rather than large-scale de novo synthesis. Lignin is mainly com-
posed of guaiacyl (G) and syringyl (S) units; the stoichiometric ratio
of S/G units determines the degree of intermolecular cross-linking
and mechanical hardness of the lignin polymer. S-type lignin con-
tains more methoxy groups, which sterically hinder the formation of
certain crosslinks, resulting in a relatively linear polymer structure
compared to G-type lignin. In contrast, G-type lignin can form highly
cross-linked networks. Therefore, by finely regulating the activities
of enzymes, such as ferulate-5-hydroxylase (F5H) and caffeic acid
O-methyltransferase (COMT), to adjust the S/G ratio, plants can
precisely set the seed coat hardness parameters.

Interestingly, a unique C-lignin (catechyl lignin) has been discov-
ered in the seed coats of species such as Cleome hassleriana?’). This
lignin is entirely polymerized from caffeoyl alcohol, possessing
extremely high structural homogeneity and special physicochemical
properties, providing the seed coat with superior structural integrity
and defensive resistance. These observations suggest considerable
evolutionary flexibility in the structural hub, which may enable
adaptation to diverse environmental pressures via changes in
monomer composition[28],

During the later stages of seed germination (hypocotyl elongation
phase), lignin deposition in the hypocotyl is not solely for structural
reinforcement; it also supports the upright growth of seedlings
(preventing lodging) and maintains the internal water balance
through hydrophobic vessels. In addition to mechanical hardness,
the structural hub controls seed coat permeability via oxidative
polymerization mediated by laccase (LAC) gene clusters. For exam-
ple, mutants of genes related to hypocotyl lignification in Arabidopsis
(such as the LAC family, e.g., LAC3/5/12/13) exhibit traits such as 'brit-
tle hypocotyls and impaired water transport'?l. Highly lignified cell
walls not only restrict the rapid entry of water (preventing imbibition
damage) but also block the free diffusion of oxygen, creating a
hypoxic environment inside the seed that is crucial for maintaining
seed dormancy. Furthermore, this structural barrier prevents the
leakage of valuable solutes from the seeds. Thus, the structural hub
may function as an important physical interface that modulates
chemical and physical exchanges in the rhizosphere. In Arabidopsis,
research has indicated that this gene cluster precisely controls water
uptake rates, thus influencing the physical and chemical signals that
initiate germination(3%,

During seedling establishment, the function of the structural hub
shifts again. Lignin synthesis begins to provide mechanical support
for the xylem of the new root system and constructs hydrophobic
vessel walls, ensuring long-distance transport of water and mineral
nutrients, which is fundamental for plant survival on land[22,

The signal hub: metabolic modulation of redox
and hormone response networks

The signal hub, as defined in this framework, does not imply
that flavonoids function as classical signal transducers. Rather, this
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hub refers to a metabolically responsive branch that indirectly
modulates cellular signaling environments through redox buffering,
hormone transport regulation, and stress-associated metabolic
adjustments31:32,

During early germination, as the seed absorbs water, the mito-
chondrial electron transport chain is rapidly restored, and metabolic
rebooting inevitably triggers a transient surge of reactive oxygen
species (ROS). This ROS burst is double-edged: appropriate amounts
of ROS act as signal molecules necessary to break dormancy and
soften cell walls (e.g., hydroxyl radicals OH attacking polysaccharide
chains), termed the oxidative window!33], However, excessive ROS
production leads to lipid peroxidation, protein oxidation, and DNA
damage. The primary function of the signal hub is to maintain this
balance. The ortho-diphenolic hydroxyl structure on the B-ring of
flavonoids (such as quercetin and kaempferol) can efficiently scav-
enge reactive oxygen species, including superoxide anions (O,),
hydrogen peroxide (H,0,), and hydroxyl radicals4. More inge-
niously, they can prevent the occurrence of the Fenton reaction at
the source by chelating transition metal ions, such as iron and
copper, thereby preventing the generation of the most destructive
hydroxyl radicals. This represents a synergy between chemical scav-
enging and systemic regulation of cellular redox potential3>3],

In plants, polar auxin transport relies on the asymmetric distribu-
tion of PIN proteins on the cell membranes. Specific flavonols have
been identified as endogenous auxin transport regulators. Their
mechanism is not simply the physical blockage of transport channels
but rather the modulation of PIN protein vesicle trafficking dynamics
and alteration of membrane lipid microenvironment fluidity, thereby
affecting the stability of PIN protein localization on the plasma
membranel37], For instance, flavonoid subclasses exhibit specificity
in modulating auxin transport; in flavonoid-deficient mutants tt3
and tt7, root auxin transport is abnormally enhanced, leading to
disordered gravitropism, whereas in the tt4 mutant, which is deficient
in flavonols, auxin transport is inhibited3839, These seemingly
contradictory effects highlight the specificity of different flavonoid
subclasses in modulating auxin transport, where the absence of
specific compounds can lead to either hyper- or hypo-active PIN
trafficking, implying that the signal hub, by synthesizing specific
chemical molecules, finely controls the spatial distribution of auxin
in plant tissues, thereby potentially influencing the direction of radi-
cle protrusion and early seedling morphogenesis. In Arabidopsis,
studies have shown that endogenous flavonols can modulate the
kinetic stability and plasma membrane localization of PIN efflux
complexes, acting similarly to the artificial auxin transport inhibitor
NPA“01,

Multi-omics analysis has revealed that flavonoid compounds
(particularly quercetin), which coordinate ROS homeostasis and
hormone signaling, are associated with enhanced starch hydrolysis,
suggesting an intriguing link between antioxidant defense and
energy mobilization that warrants further functional validation!',

Notably, not all functions of the signal hub should be interpreted
strictly as signaling events. Many flavonoid-associated processes,
including ROS scavenging and membrane protection, likely represent
broader protective metabolic functions that indirectly influence sig-
naling outputs. In this context, the term 'signal hub' is used primarily
to distinguish this branch from the structurally oriented lignin path-
way, rather than to imply exclusive signaling functionality.

The buffer zone: soluble phenolics and
specialized metabolites

In addition to the two main branches of lignin and flavonoids,
the phenylpropane metabolic pathway includes soluble phenolic
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compounds. These metabolites are not static endpoints but rather a
highly dynamic resource pool that can dynamically regulate the
final destination of carbon flow based on environmental feedback
during germination.

During the early stages of germination, soluble phenolic esters
(such as chlorogenic acid) accumulate in large quantities?]; once
metabolic activity begins, these stored esters can be rapidly mobi-
lized and redirected, either re-entering the lignin synthesis path-
way to reinforce the structure or being converted into flavonoid
molecules to counteract oxidative stress“344l, Hydroxycinnamic acid
derivatives (e.g., ferulic acid) serve as a bridge between structure
and signaling. For instance, ferulic acid directly participates in the
covalent cross-linking of cell wall polysaccharides, acting as a
core component in maintaining the mechanical strength of seed
coats*?l. Concurrently, its potent antioxidant activity enables it to
directly scavenge free radicals generated during germination(el,
Additionally, defense molecules, such as coumarins, play a key role
in allelopathy and germination inhibition (e.g., scopoletin)7l,

Temporal activation and deactivation
during dynamic germination

Seed germination is a continuous dynamic process that can be
divided into three typical phases based on water uptake kinetics
and changes in metabolic activity: imbibition (Phase 1), lag phase
(Phase 1), and radicle protrusion (Phase Il)[8l. As shown in Fig. 2,
the dual-hub functions of phenylpropanoid metabolism exhibited
continuous dynamic characteristics across these stages, reflecting
precise temporal control of metabolic flux.

Phase | (Imbibition): rapid activation and the
safety mechanism

Phase | is characterized by a dramatic transition from a dry state
to a hydrated state. Major events during this phase include physical

Phase I: Imbibition

Phase II: Lag/Matabolically Active

Seed Biology

water uptake, membrane system repair, aquaporin activation, and
restoration of basal transcription and translation!#9l.

At this stage, gene transcription and enzymatic activity of PAL, the
gateway enzyme of phenylpropanoid metabolism, are significantly
activated within hours of water uptakel>°l. This rapid activation pre-
pares the substrates for the subsequent synthesis of both metabo-
lites. This establishes an initial precursor pool of p-coumaroyl-CoA;
however, the cells face significant environmental uncertainty at this
stage (e.g., potential moisture fluctuations).

To avoid excessive resource investment in secondary metabolism
triggered by false signals, plants have evolved a regulatory mecha-
nism dependent on the ubiquitin-proteasome system. The Kelch
domain F-box (KFB) protein family, which is a specific recognition
component of E3 ubiquitin ligases, can precisely target PAL proteins.
Upon KFB binding, PAL is tagged with ubiquitin and degraded via
the 26S proteasomel>'-53l. This mechanism provides a switch to
rapidly shut down the phenylpropanoid pathway. This indicates that
although genes are transcribed early during germination, protein
levels are closely monitored. KFB activity is inhibited when environ-
mental signals are definitive, and the energy supply is stable (possibly
via phosphorylation), allowing PAL protein to accumulate and for-
mally initiate metabolic flow, a mechanism that ensures that costly
secondary metabolism is activated only when conditions are truly
favorable.

In the late Phase |, PAL activation is accompanied by a KFB-medi-
ated safety mechanism; however, the signaling hub (CHS) lacks simi-
lar pre-activation, and its initiation relies more on the perception of
stress signals and metabolic flux redirection in Phase Il

Dynamic enzyme organization during Phase ll: a
speculative biophysical perspective

Phase Il is a critical decision-making period for seed germination.
During this phase, although water uptake reaches a plateau, internal
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metabolic activity increases markedly, and the seed integrates envi-
ronmental and internal resource conditions to determine whether
germination should be initiated!>.,

On the endoplasmic reticulum surface, phenylpropanoid enzymes
form a metabolon to mediate substrate channeling®>-571, This signif-
icantly enhances catalytic efficiency while avoiding metabolic inter-
ference. C4H serves as both the 'membrane anchor' and 'nucleation
platform' for this complex®8l. The prion-like protein FLOE1 senses
environmental moisture through liquid-liquid phase separation
(LLPS), whereby proteins and nucleic acids condense into concen-
trated, cytosolic droplets without membranes960], LLPS generates
membrane-less condensates distinct from traditional organelles,
characterized by rapid (us) component exchange and substrate
enrichment. C4H recruits soluble PAL and 4CL to the ER via its
transmembrane domain, forming localized enrichment zones®'l,
Furthermore, KFB-mediated dynamic regulation of PAL stability
primes these enzymes for phase separation. Therefore, we propose
the hypothesis, 'LLPS Assembly of Phenylpropanoid Metabolic
Enzymes": the rapid metabolic activation observed in Phase Il may
be partly mediated by dynamic enzymes assembling into transient
metabolon-like complexes, potentially via phase-separation-related
mechanisms.

Currently, the evidence supports the existence of phenylpropanoid
metabolons and LLPS-related regulatory phenomena independently
in plants. A direct demonstration that phenylpropanoid enzymes
undergo LLPS-mediated assembly during seed germination is lack-
ing. Therefore, the framework proposed herein should be regarded
as a conceptual and testable hypothesis rather than an experimen-
tally established regulatory mechanism.

Phase Il (radicle protrusion): regulatory
termination of barrier release

This is the execution phase of germination, in which the radicle
breaks through the seed coat. At this time, the function of the struc-
ture hub is suppressed.

Radicle protrusion depends on the local softening of the seed
coat at a specific site (the micropylar end). Lignin is a highly recalci-
trant polymer that is difficult for plant endogenous enzymes to
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rapidly degrade; therefore, this softening relies more on the enzy-
matic hydrolysis of cell wall polysaccharides, such as polygalactur-
onase (PG) hydrolyzing pectin and expansins relaxing cellulose
microfibrils(62631,

To coordinate with seed coat structural relaxation, the regulatory
function of the structural hub must be inhibited. This implies that
in the predetermined breakthrough region, the activity of lignin
synthesis-related enzymes (e.g., LAC/POD) must be strongly sup-
pressed through mechanisms that are poorly understood but likely
involve transcriptional repression by factors such as MYB4 and
MYB7[%4, The mechanical strength of the seed coat must sufficiently
decrease to be breached by the turgor pressure of radicle growth,
which only occurs when lignin synthesis is halted and cell wall soft-
ening/depolymerization begins(®3l, While the structural hub is locally
shut down, the signaling hub may continue to operate, supporting
seedling establishment by managing oxidative stress during the
heterotrophic-autotrophic transition.

Molecular regulation and interaction
mechanisms of the dual hubs

The operation of dual hubs is coordinated by complex molecular
interactions, redox signals, and hormonal networks. This section
details how they crosstalk through ROS and hormonal signals
(Fig. 3).

Structural hub: barrier remodeling and the redox
environment

As described above, LAC and POD utilize ROS for lignin polymer-
ization. Here, we focus on the dual role of ROS: while high concen-
trations serve as substrates for POD to enhance cell wall rigidity,
precisely regulated low concentrations (H,0, flux) can directly
participate in wall loosening(6¢l,

The functional output of ROS depends on the precise regulation
of its concentration threshold. High concentrations of flux primarily
serve as substrates for peroxidase (POD), driving the oxidative cross-
linking of lignin monomers and thereby increasing the mechanical
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Fig. 3 Compartmentalized flow and hub interactions of ROS in seed cells. Structural hubs primarily operate in the apoplastic space. The signal hub

(flavonoids) functions within the symplastic space.
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rigidity of the cell wall. Conversely, a steady state at extremely low
and controlled concentrations tends to act as a signaling molecule,
inducing subsequent physiological responses!®’]. This concentration-
dependent shift determines whether the structural hub moves
toward physical reinforcement or maintains plasticity.

Importantly, the contribution of lignin during germination likely
depends on species-specific seed coat architecture and may primarily
reflect the regulation of pre-existing structural barriers, rather than
extensive de novo lignin biosynthesis. This suggests that the relative
importance of de novo lignin synthesis versus pre-existing barrier
modulation may vary considerably across species, which is an impor-
tant consideration for the generalizability of the dual-hub model
that warrants systematic comparative investigation.

Signal hub: fine intervention in redox
homeostasis and hormone signaling

The signal hub, centered on flavonoids, directly or indirectly influ-
ences cellular signal transduction through its chemical properties.

Flavonoid biosynthesis genes (CHS, chalcone isomerase [CHI],
and F3H) were significantly upregulated during early germination.
Genetic evidence has shown that overexpression of these genes
(e.g., CHS and dihydroflavonol 4-reductase [DFR]) significantly
reduces intracellular ROS accumulation8l, Specifically, flavonoids
inhibit excessive lignification by scavenging excess H,0,, thereby
competing for the substrate of the structural hub (POD enzyme) and
maintaining cell wall extensibility. This competition also protects
membrane systems from oxidative damage. For instance, in rice and
tobacco, the upregulation of F3H and DFR genes enhances tolerance
to salt and drought stress by boosting flavonoid biosynthesis©®701,
These findings strongly suggest that activation of the signal hub is a
crucial defense mechanism for maintaining ROS homeostasis during
germination and stress conditions. Different flavonoid classes (e.g.,
flavonols, anthocyanins, and proanthocyanidins) likely exert distinct
and sometimes opposing effects on ROS homeostasis and hormone
transport.

Hormonal regulation by flavonoids occurs systemically. Key phos-
phatase (PP2C) and kinase (SnRK2) proteins in the ABA signaling
pathway contain redox-sensitive cysteine residues’']; thus, flavon-
oids can indirectly affect the activity of these enzymes by altering
cytoplasmic redox potential. Although this indirect regulatory
mechanism is biochemically plausible and supported by in vitro
studies demonstrating the redox sensitivity of these enzymes, its
in vivo significance during seed germination remains to be demon-
strated directly. In contrast, the mechanisms by which flavonoids
modulate ABA signaling remain poorly understood and represent
a key area for future investigation. In addition, specific flavonols
control auxin flow by regulating PIN proteinsB7l. This functional
diversity adds another layer of regulatory complexity. For instance,
while flavonols, such as quercetin, are potent antioxidants and auxin
transport regulators, proanthocyanidins may primarily contribute to
oxidative polymer deposition. Deciphering this chemical question
represents a major challenge for future studies. This means that the
signal hub, by regulating auxin distribution, guides the direction of
radicle breakthrough and may maintain the necessary dormancy
depth via the auxin-ABI3 loop, preventing premature germination
under unripe conditions[37],

These intracellular functions of the signal hub set the stage for a
critical question: How does this cytoplasmic redox regulation inter-
face with apoplastic ROS dynamics, which control the structural hub
of the cell?
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Hub interaction: spatial compartmentalization of
ROS and transmembrane signaling

The operation of the two hubs forms a regulatory loop via ROS
signals. First, ROS functions are spatially distinguished. The structural
hub (lignin polymerization) relies primarily on ROS in the extracellular
space (apoplast). In the cell wall, ROS produced by Respiratory Burst
Oxidase Homolog D (RBOHD) drives the oxidative cross-linking of
lignin monomers catalyzed by POD and LAC, constructing a physical
barrier. In contrast, the signal hub (flavonoids) acts primarily within
the intracellular continuum (symplast). These flavonoid systems
scavenge excess ROS generated by mitochondrial respiration, pre-
venting damage to lipids and DNA. Interestingly, this internal-exter-
nal compartmentalization is not isolated completely. The signal hub
may indirectly regulate the flux of ROS flowing into the apoplast
by modulating the transmembrane transport capacity of aquaporins
for H,0,, thereby remotely influencing the cell wall lignification pro-
cess. This hypothesis, grounded in evidence for aquaporin-mediated
H,0, diffusion”2), predicts that genetic or pharmacological inhibi-
tion of specific plasma membrane aquaporins (e.g., PIP2;1) should
disrupt the coordination between flavonoid accumulation and
seed coat lignification patterns during germination. Thus, H,0, acts
not only as a substrate but also as a transmembrane messenger
connecting the intracellular signal hub with the extracellular struc-
tural hub.

Research on rice has provided excellent molecular evidence
that the glutathione S-transferase family gene OsGSTT3 is highly
expressed in seeds and directly participates in the regulation of ROS
homeostasis. Studies have shown that both overexpression and
knockout lines of this gene lead to delayed germination, and this
phenotype is closely related to abnormal fluctuations in H,0,
levels73l. This highlights that plants employ multiple synergistic
systems, including both GST-mediated conjugation and phenyl-
propanoid-derived flavonoid antioxidants, to maintain ROS within
the narrow window required for successful germination. The distinc-
tion and management of ROS signaling (promoting softening/trans-
duction) vs. stress (causing oxidative damage) is the core of the dual-
hub model's synergy74l.

Under nutrient-limited conditions, where carbon skeletons for
phenylpropanoid synthesis are scarce, competition for shared
resources may prevail, prioritizing the structural hub for physical
protection. Conversely, under combined stress (e.g., salinity com-
bined with pathogen attack), the signaling and structural hubs may
synergize, with flavonoids simultaneously fine-tuning ROS signals
for stress gene activation and contributing to the localized rein-
forcement of the cell wall. In addition to ROS, hormonal hubs may
serve as integratorsl’l, ABA not only promotes dormancy but also
suppresses flavonoid biosynthesis through specific MYB transcrip-
tion factors(TFs), thereby coordinately enhancing the structural
hub while repressing the signaling hub under stress conditions.
Conversely, GA signaling may antagonistically promote the signaling
hub to facilitate seed germination.

Integration of the dual hubs: a carbon
allocation control framework

A central premise of the structure-signal dual hub model is that
carbon allocation between lignin (structural hub) and flavonoid
(signal hub) branches may represent an important regulatory axis
of seed germination and stress adaptation. Although upstream
signals are diverse, their functional convergence lies in modulating
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metabolic flux at the shared precursor level. Here, we propose that
MFR may represent an integrative outcome of multilayer regulatory
systems, linking environmental perception to biochemical allocation
decisions, as shown in Fig. 4.

MFR as resource competition and enzymatic
switches

The partitioning of carbon flux between the structural hub (lignin)
and signal hub (flavonoids) originates at the shared precursor level
but is dynamically regulated across multiple temporal scales. To
better conceptualize this process, we propose that MFR operates in
two distinct but coordinated modes: rapid MFR and slow MFR. Rapid
MFR occurs on short timescales (seconds to minutes) and is primarily
mediated by post-translational mechanisms, including enzyme
phosphorylation, redox-dependent conformational changes, and
dynamic assembly of metabolons, which together enable the
immediate rerouting of intermediates without requiring new gene
expression’¢l. Under salt stress, the rice allosteric enzyme GSA (UDP-
glucosyltransferase) actively guides metabolic flow from lignin
precursors (such as coniferyl alcohol) to flavonoid glycoside synthesis
via conformational changes®2. This dynamic allocation of carbon
flow, mediated by allosteric enzymes, is termed MFR. Such mecha-
nisms allow plants to respond quickly to transient environmental
fluctuations, particularly oxidative stress, where rapid adjustment
of flavonoid-mediated ROS buffering or lignin polymerization is
required.

In contrast, slow MFR operates over longer timescales (hours to
days) and is dependent on transcriptional and epigenetic regula-
tion. In Arabidopsis, silencing of the structural hub entry gene HCT

ABA<—— NCEDs «— (ABI4
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leads to metabolic flow into flavonoid biosynthesis, experimentally
confirming MFRU71. Conversely, mutations in the UGT72B1 gene
lead to a shift in metabolic flow from anthocyanins to lignin
monomersl’8, This mode involves coordinated changes in the
expression of pathway enzymes, transporters, and regulatory pro-
teins, thereby reshaping metabolic capacity rather than resulting in
an instantaneous flux change. This highly plastic regulatory capability
enables seeds to adopt different strategies in the face of adverse
conditions.

Importantly, these two modes are not independent. We propose
that rapid flux redistribution may occur on short timescales, whereas
longer-term transcriptional regulation may stabilize newly estab-
lished metabolic states. Together, these processes may constitute a
multi-timescale regulatory continuum that governs carbon alloca-
tion. This temporal stratification also implies that metabolic regula-
tion must be anchored in transcriptional control mechanisms,
which define the long-term directionality of flux allocation. There-
fore, understanding how TFs coordinate the two hubs is essential, as
discussed in the following section.

Although the dual-hub framework emphasizes potential com-
petition for shared phenylpropanoid precursors, the physiological
importance of this competition likely varies across developmental
stages, seed types, and environmental conditions. In many species,
germination-associated structural changes may predominantly rely
on remodeling of the pre-existing cell wall architecture rather than
extensive de novo lignin biosynthesis. Therefore, carbon competition
between lignin and flavonoid branches should currently be viewed
as a context-dependent regulatory possibility rather than a univer-
sally dominant mechanism.

ROS
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Fig. 4 Multilayer regulation of carbon allocation between lignin and flavonoid branches. The ABA-lignin axis: ABA triggers the PYR/RCAR-PP2C-SnRK2
cascade, leading to the phosphorylation of NST1. This activates the NAC-MYB46/83 regulators, which induce third-tier MYBs to drive the expression of
lignin biosynthesis genes. The GA—flavonoid axis: GA promotes the degradation of DELLA proteins, releasing MYBL2 to inhibit the MBW complex, thereby
fine-tuning flavonoid accumulation. Cross-regulation: Transcriptional repressors, such as MYB4 and MYBL2, provide negative feedback to balance the flux
between the two hubs. Rapid MFR is further fine-tuned by PTMs, whereas slow MFR is stabilized by miRNAs and epigenetic modifications. The proposed
carbon allocation relationships are conceptual and may differ substantially depending on the species, developmental stage, and environmental context.
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Transcriptional hierarchical regulation of carbon
allocation

In germinating seeds, a core set of TFs orchestrates carbon parti-
tioning between the lignin (structural) and flavonoid (signaling)
branches of the phenylpropanoid pathway. The phenylpropanoid
pathway is regulated in a clear hierarchical structure. The structural
hub (lignin) regulation follows a clear NAC-MYB-GRN three-tier regu-
latory network model79). NAC TFs (e.g., SND1, NST1, and VND) are
master regulators of secondary wall synthesis and are responsible
for receiving signals from developmental programs or environmental
stresses and initiating downstream transcriptional cascades®l.
MYB46 and MYB83 are directly activated by first-tier NAC factors.
They are considered secondary regulators in the regulatory network.
In the myb46/myb83 double knockout mutants, the synthesis of the
three major components of the secondary cell wall (cellulose, hemi-
cellulose, and lignin) was severely inhibited, leading to seedling
lethality. These two MYB factors directly bind by recognizing the
secondary wall MYB-responsive element (SMRE) motif in the pro-
moters of downstream genes. The SMRE motif highly overlaps with
the traditional acid cascade (AC) element, enabling the secondary
master regulators to both directly induce the expression of synthase
genes and activate the third-tier functional executors8'l. The third
tier consists of a series of functionally specialized TFs responsible for
refining broad signals from the secondary switches into specific
biochemical outputs. In Arabidopsis, MYB20, MYB42, MYB43, and
MYB8S5 act as positive regulators, directing phenylpropanoid metab-
olic flux toward lignin82l, whereas MYB58 and MYB63 focus on the
specific activation of genes involved in lignin biosynthesis(8384],
Research indicates that the four MYB factors not only directly bind
to the promoters of lignin synthase genes (such as PAL, C4H, 4CL,
HCT, CCoAOMT, CCR, and CAD) but also directly activate genes in the
phenylalanine biosynthesis pathway, such as ADT6 (the arogenate
dehydratase/shikimate dehydrogenase-related gene). This dual regu-
lation ensures that during peak lignin demand, the supply of pre-
cursor substances is synchronized with the enhanced activity of
downstream synthases. When MYB20/42/43/85 induces MYB4, the
flavonoid biosynthesis pathway is shut down, thereby diverting
more phenylalanine flux into the lignin biosynthesis branch via the
phenylpropanoid pathway!©4l,

Signal hub (flavonoid) regulation relies mainly on the classic MYB-
bHLH-WD40 (MBW) complex!'®. The MYB component (R2R3-MYB
proteins) determines the type of synthesis. For example, when MYB
factors from the SG6 subgroup (including AtMYB75 [PAP1], AtMYB90
[PAP2], AtMYB113, and AtMYB114) participate in the complex, plants
tend to accumulate anthocyanins; in contrast, when TT2 (AtMYB123)
from the SG5 subgroup is involved, it primarily drives the accumula-
tion of proanthocyanidins in the seed coat®l. The bHLH component
(e.g., TT8, GL3, and EGL3) provides the scaffold for transcriptional
activation and binds to R2R3-MYB proteins through their N-terminal
domains, while physically interacting with WD40 proteins, thereby
forming a stable ternary complex®687l, The WD40 component (e.g.,
TTGT1) is responsible for complex localization and stabilization. TTG7
exhibits significant pleiotropy in plant development. In addition to
flavonoid synthesis, it is also involved in trichome development,
root hair formation, and seed coat mucilage secretion.

To prevent excessive accumulation of metabolic products or
accumulation at the wrong time/location, the network is further
regulated by transcriptional repressors. For example, MYBL2 (a type
of R3-MYB) and MYB4 can inhibit the activity of the MBW complex
(MYB-bHLH-WD40 complex) by competitively binding to bHLH
proteins (basic helix-loop-helix proteins) or directly suppressing
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promoters, acting as negative regulators of signal hubs®88l, More
interestingly, certain TFs, such as ZmMYB31, can directly inhibit
lignin biosynthesis genes, thereby indirectly redirecting carbon flux
from the lignin synthesis pathway to the anthocyanin pathway!9.,

The AP2-domain transcription factor ABI4 appears to be an impor-
tant regulatory node linking environmental signals, plant hormones
(ABA/GA), and metabolic output. ABI4 positively regulates ABA
synthesis (NCEDs) and signaling (ABI5) genes, while directly binding
to and inhibiting GA synthesis genes (GA3ox) and activating GA
metabolic genes (GA20x)1L. This suggests that ABI4 may influence
carbon partitioning toward downstream phenylpropanoid branches.
Meanwhile, WRKY (WRKY40/ WRKY75) and NAC (NST) family TFs
integrate ABA, GA, and stress signals to finely regulate downstream
metabolic genes, transducing signals into metabolic flux®,

Thus, this hierarchical and cross-regulatory transcriptional net-
work integrates environmental and developmental signals to deter-
mine carbon allocation priorities, thereby governing the metabolic
flux redistribution strategy between the two hubs in the plant.

Hormonal antagonism and resource
optimization

Translated MFR patterns optimize resource allocation by employ-
ing hormonal antagonism to coordinate carbon allocation between
growth and stress adaptation. GA-mediated growth promotion
entails the proteasomal degradation of DELLA proteins, key repres-
sors of the GA signaling pathway®Z. When GA binds to its soluble
receptor, GIBBERELLIN INSENSITIVE DWARF1 (GID1), the resulting
GA-GID1-DELLA complex is targeted for degradation by the 26S
proteasomel®3l. This degradation facilitates the upregulation of
genes encoding expansins, xyloglucan endotransglucosylase/hydro-
lases (XTHs), and pectin methylesterases (PMEs). Expansins disrupt
the non-covalent bonds between cellulose microfibrils and hemicel-
luloses, whereas XTHs catalyze the cleavage and rejoining of
xyloglucan chains, effectively loosening the wall matrix to allow for
cellular expansion®¥, Under low-pH apoplastic conditions often
induced by GA in the apoplast, PODs and LACs can catalyze the
production of OH from H,0, and O, 7131 These highly reactive radicals
cause the non-enzymatic scission of wall polysaccharides, a process
known as oxidative loosening, which is a critical component of GA-
induced cell elongation!l, Simultaneously, GA signaling serves as a
negative regulator of the signal hub; by degrading DELLA proteins
that normally sequester the repressors MYBL2 and JAZ, under spe-
cific developmental conditions, GA signaling may inhibit flavonoid
biosynthesis, likely by disrupting the MBW complex to conserve
cellular resources(®7.981, DELLA proteins typically bind to and seques-
ter the repressors MYBL2 and JAZ, targeting them for degradation.

Conversely, ABA signaling is often associated with stress acclima-
tion and reinforcement of structural traits, particularly under water
deficit or salinity conditions, where continued expansion would be
deleterious!®, The core ABA signaling pathway involves the percep-
tion of ABA by PYR/RCAR receptors, which then inhibit group A
protein phosphatase 2Cs (PP2Cs). This inhibition releases SnRK2
kinases (SnRK2.2, 2.3, and 2.6) from repression®?. These kinases
physically interact with and phosphorylate the transcription factor
NST1 at the highly conserved Ser316 residue. NST1 is a master regu-
lator that orchestrates the expression of a suite of genes involved in
the synthesis of cellulose, xylan, and lignin(%, In this ABA-dominated
state, peroxidases and laccases are diverted from the loosening
pathway to monolignol polymerization.

This negative regulation minimizes metabolic competition
between the structural and signal hubs, ensuring that when GA
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promotes germination, carbon flow is prioritized and efficiently allo-
cated to the structural hub (for cell wall softening/remodeling)
rather than signaling.

In addition to GA-ABA antagonism, other hormones add further
layers of regulatory complexity. For instance, auxin inhibits seed
germination by maintaining the expression of ABI3, a core transcrip-
tion factor in ABA signaling®2. The signal hub (e.g., AP2 family TFs)
indirectly regulates auxin transport by coordinating the ABA/GA
balance, for instance, by inhibiting GA synthesis genes or activating
ABA metabolic genes to influence dynamic auxin distribution. The
synergy between auxin, ABI3, and the signal hub forms a dormancy
homeostasis regulatory network in which auxin reinforces dor-
mancy signals by maintaining ABI3 expression, whereas the signal
hub optimizes auxin efficacy through metabolic reprogramming'0l,
Jasmonic acid (JA) activates its signaling pathway when plants expe-
rience biotic or abiotic stress, leading to the degradation of JAZ
proteins via the 26S proteasome. The degradation of JAZ releases
sequestered bHLH and MYB TFs, facilitating the formation of the
active MBW complex, which then specifically binds to the promoters
of key anthocyanin biosynthesis genes (e.g., DFR, UFGT), activating
the transcriptional program!'°'l, This cascade, triggered by JA sig-
naling (dependent on photoreceptor phyA and involving MYB75
in Arabidopsis), achieves efficient mobilization of the signal hub,
synthesizing large amounts of anthocyanins with antioxidant stress
functions, serving as a critical physiological strategy for coping with
environmental crises.

Therefore, hormonal antagonism and synergy are translated into
specific MFR patterns, optimizing resource allocation for survival
under conflicting conditions.

Multi-layer fine-tuning of metabolic flux
redirection

In addition to transcriptional control, the dual hubs are regulated
by mechanisms operating at different timescales and serving dis-
tinct purposes: protein post-translational modifications (PTMs; for
example, ubiquitination) rapidly modulate key enzyme activity, such
as PALI"; miRNAs provide a layer of post-transcriptional fine-tuning
for pathway components, such as LAC; and epigenetic modifica-
tions, such as H3K27me3 demethylation by REF6, can establish a
form of 'stress memory' by modulating hormone sensitivity across
generations!’%2, The regulatory network extends beyond transcrip-
tion to include faster and more durable mechanisms.

PTMs: The fastest and most direct control of metabolic flux occurs
at the post-translational stage. As mentioned earlier, PAL, the key
enzyme in the entire pathway, is strictly regulated by ubiquitin-
mediated degradation. KFB E3 ligase-mediated PAL degradation is a
crucial switch that allows plants to rapidly shut down phenyl-
propanoid metabolic flow in response to signals (such as light
changes or stress)l53],

miRNA Regulation: miRNAs play a key role in regulating dual hubs.
For example, miR397 directly regulates the construction strength
of the structural hub by targeting LAC (laccase) transcripts!'93l,
Conversely, this has been observed in Arabidopsis, where miR858a
overexpression leads to increased anthocyanin accumulation, likely
through downregulation of repressive MYB factors!104],

Epigenetics: Epigenetic modifications provide a mechanism for
rapid responses and environmental memory. For instance, the
histone H3K27me3 demethylase REF6 targets ABA catabolism genes
CYP707A1 and CYP707A3. Seeds of ref6 mutants exhibit enhanced
dormancy because ABA cannot be effectively degraded!'%], REF6
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indirectly promotes signal hub function by activating the expression
of ABA catabolism genes, thereby lowering endogenous ABA levels.

Collectively, these rapid (PTMs) and persistent (epigenetic) mech-
anisms provide the necessary agility and memory to fine-tune the
MFR in response to transient cues or past experiences.

Adaptive strategies: strategic
redirection of metabolic flux

Seed germination is a high-risk transition in which success depends
on the plastic allocation of limited carbon resources between the
structural and signal hubs. The structure-signal dual hub model
posits that various stresses trigger specific MFR patterns to optimize
survival, as summarized in Fig. 5.

Prioritization strategies: resource polarization

Under stresses in which a single threat dominates, seeds often
adopt a polarization strategy to maximize fitness. To counter dehy-
dration, ABA-driven signaling (via NAC and MYB factors) directs
carbon flux toward lignin biosynthesis to reinforce the seed coat
and root xylem['%1, Under cold stress, plants prioritize signaling to
boost antioxidant capacity and sustain membrane integrity during
germination. Cold stress impairs membrane fluidity and elevates
oxidative stress via ROS accumulationl'97), In response, plants activate
the phenylpropanoid pathway, diverting carbon flow to accumu-
late phenolic acids and flavonoids!'%8l. These flavonoids function
dually: scavenging ROS to protect macromolecules and embedding
within lipid bilayers to preserve membrane fluidity and structural
integrity at low temperatures!'%9., During submerged imbibition, rice
seeds upregulate peroxisome-localized OsCNL1and OsCNL2, which
divert the phenylpropanoid pathway upstream of the canonical
p-coumaroyl-CoA node. OsCNLs convert cinnamic acid to benzoic
acid, driving salicylic acid (SA) biosynthesisl'9, Although this tem-
porarily weakens physical barriers, it allows the seedling to rapidly
elongate to reach the water surface and acquire oxygen by lifting
auxin repression.

Integrative strategies: parallel reinforcement and
dual defense

When environmental challenges involve both physical and oxida-
tive damage, the dual hubs operate synergistically.

Heat and salinity impose combined threats of cytoskeletal disrup-
tion and oxidative burst. Thermally, a coordinated response is trig-
gered: the signal hub activates MBW complexes to synthesize
flavonoids for ROS scavenging, while the structural hub employs
NAC/MYB networks to reinforce lignin deposition, maintaining wall
rigidity and preventing collapsel''-1131, Under salinity, the structural
hub restricts apoplastic Na* influx and water loss via lignification,
whereas the signal hub produces flavonoids (e.g., rutin) to mitigate
ion toxicity and sustain redox homeostasis! 14115,

Biotic stresses (pathogens/pests) activate the phenylpropanoid
pathway primarily through cell wall perturbation(''6l, Plants deploy
a dual-defense strategy via coordinated hub activation: the struc-
tural hub initiates localized lignification, forming hydrophobic phys-
ical barriers that impede pathogen ingress or herbivore feeding.
Simultaneously, the signal hub redirects carbon flux toward
phytoalexins—including flavonoids, isoflavonoids, stilbenes, and
coumarins!'7l—which exert direct antimicrobial/insecticidal effects,
inhibit virulence enzymes, or amplify immune signaling!'él.
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Mixed strategy and survival-first strategy against
combined stresses

In nature, seeds frequently encounter concurrent stresses (e.g.,
drought-heat or salinity-biotic stress)!' 91, When conflicting metabolic
demands arise—such as drought requiring 'structural priority' vs.
heat demanding 'signaling priority'—seeds must resolve resource
competition under limited carbon availability!'2%, Rather than line-
arly summing individual responses, plants employ signal integration
hubs to prioritize survival. The master regulator ABI4 integrates
ABA/GA balance, sugar, redox, and mitochondrial retrograde signal-
ing to arbitrate flux allocation between central pathways!'2'l. Con-
currently, the MPK3/6 cascades rapidly coordinate flavonoid accu-
mulation and cell wall remodeling via phosphorylation eventsl122.1231,
Under combinatorial stress, ABA-mediated abiotic responses typi-
cally dominate; for instance, salt-induced ABA suppresses Botrytis
immunity via JA/ET antagonism, exemplifying a 'survival-first'
hierarchy!'24, To cope with unpredictability, seeds adopt mixed
strategies. These include spatial partitioning (e.g., reinforcing radicle
structure while prioritizing plumule signaling) or bet-hedging at
the population level. Within a seed cohort, heterogeneity in phenyl-
propanoid gene expression ensures phenotypic diversity: some indi-
viduals prioritize structural endurance for extreme drought, while
others favor signaling for rapid germination upon rainfalll125.1261,
Such stochasticity guarantees that at least a subset of the population
survives regardless of environmental contingencies.

Conclusions and perspectives

The structure-signal dual hub model provides a unifying frame-
work linking phenylpropanoid metabolism to seed germination by

Shi et al. Seed Biology 2026, 5: €021

positioning carbon flux allocation as a central regulatory axis. By
integrating structural investment (lignin) and signaling modulation
(flavonoids), the model reframes germination not merely as a
hormone-controlled process, but as a resource-allocation decision
under metabolic constraints. However, this framework remains
largely conceptual and requires rigorous experimental validation.

Several critical limitations constrain its current explanatory power.
First, the assumption of active carbon competition between hubs
depends on the relative contribution of de novo lignin biosynthesis
vs. remodeling of pre-existing structures, which likely varies across
species and developmental contexts. If lignin function during germi-
nation is dominated by structural modification rather than synthesis,
the core 'flux competition' premise may be overstated. Second, the
classification of flavonoids as signaling molecules remains function-
ally ambiguous: current evidence more strongly supports roles in
redox buffering and hormone transport modulation rather than
direct signal transduction. Third, the generality of the model across
seed types is uncertain, particularly for systems with low phenyl-
propanoid activity or distinct carbon economies (e.g., oil vs. starch
seeds). Finally, while the conceptual framework offers a novel inte-
gration, specific mechanistic underpinnings, such as proposed
mechanisms such as enzyme clustering or phase separation, remain
speculative, lacking direct in vivo evidence in germinating seeds and
representing a key area for future validation to fully establish their
novelty.

Despite these constraints, the model generates clear, testable
predictions. It predicts that flux partitioning at the p-coumaroyl-CoA
node is dynamically regulated beyond enzyme abundance, poten-
tially involving post-translational control and spatial enzyme organi-
zation. It further predicts that successful radicle emergence requires
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coordinated spatial decoupling of the two hubs—Ilocalized suppres-
sion of lignification coupled with targeted activation of flavonoid-
mediated redox control. At the genetic level, this implies that varia-
tion in flux-regulating components (e.g., 4CL isoforms, KFB-mediated
PAL turnover) underlies natural diversity in seed vigor and stress
tolerance.

Future progress depends on directly measuring flux allocation
with spatial and temporal resolution. Approaches such as single-cell
metabolomics, spatial transcriptomics, and live-cell imaging will
be essential to determine whether dual-hub coordination operates
at the predicted scales. It is equally important to transition from
descriptive to causal validation using genetic perturbations and flux
quantification.

From an applied perspective, the model suggests that engineer-
ing phenylpropanoid flux partitioning, rather than simply increasing
the pathway output, may be a viable strategy for improving seed
performance. Targeted manipulation of pathway entry (e.g., PAL
stability) or branch selection (e.g., 4CL isoform accumulation) offers
concrete entry points for crop improvement; however, trade-offs
between structural integrity and signaling capacity must be carefully
managed.

Although several components remain hypothetical, the framework
organizes fragmented evidence into testable predictions regard-
ing carbon allocation, metabolic plasticity, and stress-responsive
germination.

Ethical statements

During the preparation of this work, we used Paperpal for
language refinement and figure enhancement. We have reviewed
and edited all content produced with the assistance of this tool, veri-
fied its accuracy, and take full responsibility for the integrity and
originality of the final manuscript. This work represents the authors'
own intellectual contribution, and no Al tool is credited as an
author.

Author contributions

The authors confirm their contributions to the paper as follows:
study conception and design, funding acquisition: Li Y; data collec-
tion and manuscript preparation: Shi F, Wang X, Song X. All authors
reviewed the results and approved the final version of the
manuscript.

Data availability

Data sharing not applicable to this article as no datasets were
generated or analyzed during the current study.

Acknowledgments

This work was supported by grants from the National Natural
Science Foundation of China (31971997).

Conflict of interest

The authors declare that they have no conflict of interest

Dates

Received 26 February 2026; Revised 9 June 2026; Accepted 22
June 2026; Published online 24 August 2026

Page 12 0f 15

https://doi.org/10.48130/seedbio-0026-0019

References

[1] Buitink J, Leprince O. 2008. Intracellular glasses and seed survival in
the dry state. Comptes Rendus Biologies 331:788-795

[2] Holdsworth MJ, Finch-Savage WE, Grappin P, Job D. 2008. Post-
genomics dissection of seed dormancy and germination. Trends in
Plant Science 13:7-13

[3] Rajjou L, Duval M, Gallardo K, Catusse J, Bally J, et al. 2012. Seed
germination and vigor. Annual Review of Plant Biology 63:507-533

[4] Nonogaki H, Bassel GW, Bewley JD. 2010. Germination—still a
mystery. Plant Science 179:574-581

[5] Ali F, Qanmber G, Li F, Wang Z. 2022. Updated role of ABA in seed
maturation, dormancy, and germination. Journal of Advanced
Research 35:199-214

[6] Dong NQ, Lin HX. 2021. Contribution of phenylpropanoid
metabolism to plant development and plant-environment interac-
tions. Journal of Integrative Plant Biology 63:180—209

[7] Wang Y, Sun X, Peng J, Li F, Ali F, et al. 2025. Regulation of seed
germination: ROS, epigenetic, and hormonal aspects. Journal of
Advanced Research 71:107—-125

[8] Vogt T. 2010. Phenylpropanoid biosynthesis. Molecular Plant 3:2—20

[9] Jun SY, Sattler SA, Cortez GS, Vermerris W, Sattler SE, et al. 2018.
Biochemical and structural analysis of substrate specificity of a
phenylalanine ammonia-lyase. Plant Physiology 176:1452—1468

[10]  Ehlting J, Hamberger B, Million-Rousseau R, Werck-Reichhart D. 2006.
Cytochromes P450 in phenolic metabolism. Phytochemistry Reviews
5:239-270

[11]  Alarigi M, Ramadan M, Wang Q, Yang Z, Hui X, et al. 2023. Cotton 4-
coumarate-CoA ligase 3 enhanced plant resistance to Verticillium
dahliae by promoting jasmonic acid signaling-mediated vascular
lignification and metabolic flux. The Plant Journal 115:190—-204

[12] Besseau S, Hoffmann L, Geoffroy P, Lapierre C, Pollet B, et al.
2007. Flavonoid accumulation in Arabidopsis repressed in lignin
synthesis affects auxin transport and plant growth. The Plant Cell
19:148-162

[13] Gallego-Giraldo L, Escamilla-Trevino L, Jackson LA, Dixon RA. 2011.
Salicylic acid mediates the reduced growth of lignin down-regulated
plants. Proceedings of the National Academy of Sciences of the United
States of America 108:20814—-20819

[14]  Serrani-Yarce JC, Escamilla-Trevino L, Barros J, Gallego-Giraldo L,
PuY, et al. 2021. Targeting hydroxycinnamoyl CoA: shikimate hydrox-
ycinnamoyl transferase for lignin modification in Brachypodium
distachyon. Biotechnology for Biofuels 14:50

[18]  Xiao R, Zhang C, Guo X, Li H, Lu H. 2021. MYB transcription factors
and its regulation in secondary cell wall formation and lignin biosyn-
thesis during xylem development. International Journal of Molecular
Sciences 22:3560

[16]  Zhao M, Li J, Zhu L, Chang P, Li L, et al. 2019. Identification and char-
acterization of MYB-bHLH-WD40 regulatory complex members
controlling anthocyanidin biosynthesis in blueberry fruits develop-
ment. Genes 10:496

[17] Dao TTH, Linthorst HIM, Verpoorte R. 2011. Chalcone synthase and its
functions in plant resistance. Phytochemistry Reviews 10:397—-412

[18] Feng Q, Lv B, Wang S, Gao Y, Wang M, et al. 2026. SmCAD4-mediated
lignin biosynthesis and improved root architecture are crucial for
drought tolerance in Salvia miltiorrhiza. Plant Cell Reports 45:31

[19] Chen L, Guo H, Lin Y, Wu Y, Cheng H. 2014. Molecular cloning and
characterization of the cinnamate 4-hydroxylase gene from Eupato-
rium adenophorum. Weed Biology and Management 14:167-177

[20]  Stocker CW, Wong VNL, Patti AF, Garnier G. 2024. Effect of lignin in
cellulose nanofibers on biodegradation and seed germination. Chem-
ical and Biological Technologies in Agriculture 11:15

[21]  Rao MJ, Zheng B. 2025. The role of polyphenols in abiotic stress toler-
ance and their antioxidant properties to scavenge reactive oxygen
species and free radicals. Antioxidants 14:74

[22]  YadavV,WangZ, WeiC, Amo A, Ahmed B, et al. 2020. Phenylpropanoid
pathway engineering: an emerging approach towards plant defense.
Pathogens 9:312

Shi et al. Seed Biology 2026, 5: €021


https://doi.org/10.1016/j.crvi.2008.08.002
https://doi.org/10.1016/j.tplants.2007.11.002
https://doi.org/10.1016/j.tplants.2007.11.002
https://doi.org/10.1146/annurev-arplant-042811-105550
https://doi.org/10.1016/j.plantsci.2010.02.010
https://doi.org/10.1016/j.jare.2021.03.011
https://doi.org/10.1016/j.jare.2021.03.011
https://doi.org/10.1111/jipb.13054
https://doi.org/10.1016/j.jare.2024.06.001
https://doi.org/10.1016/j.jare.2024.06.001
https://doi.org/10.1093/mp/ssp106
https://doi.org/10.1104/pp.17.01608
https://doi.org/10.1007/s11101-006-9025-1
https://doi.org/10.1111/tpj.16223
https://doi.org/10.1105/tpc.106.044495
https://doi.org/10.1073/pnas.1117873108
https://doi.org/10.1073/pnas.1117873108
https://doi.org/10.1186/s13068-021-01905-1
https://doi.org/10.3390/ijms22073560
https://doi.org/10.3390/ijms22073560
https://doi.org/10.3390/genes10070496
https://doi.org/10.1007/s11101-011-9211-7
https://doi.org/10.1007/s00299-026-03718-8
https://doi.org/10.1111/wbm.12044
https://doi.org/10.1186/s40538-023-00528-y
https://doi.org/10.1186/s40538-023-00528-y
https://doi.org/10.3390/antiox14010074
https://doi.org/10.3390/pathogens9040312
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019

https://doi.org/10.48130/seedbio-0026-0019

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Noel JP, Austin MB, Bomati EK. 2005. Structure-function relationships
in plant phenylpropanoid biosynthesis. Current Opinion in Plant Biol-
ogy 8:249-253

Emiliani G, Fondi M, Fani R, Gribaldo S. 2009. A horizontal gene transfer
at the origin of phenylpropanoid metabolism: a key adaptation of
plants to land. Biology Direct 4:7

Ehlting J, Buttner D, Wang Q, Douglas CJ, Somssich IE, et al. 1999.
Three 4-coumarate: coenzyme A ligases in Arabidopsis thaliana repre-
sent two evolutionarily divergent classes in angiosperms. The Plant
Journal 19:9-20

MacGregor DR, Kendall SL, Florance H, Fedi F, Moore K, et al. 2015.
Seed production temperature regulation of primary dormancy
occurs through control of seed coat phenylpropanoid metabolism.
The New Phytologist 205:642—-652

Chen F, Tobimatsu Y, Jackson L, Nakashima J, Ralph J, et al. 2013.
Novel seed coat lignins in the Cactaceae: structure, distribution and
implications for the evolution of lignin diversity. The Plant Journal
73:201-211

Zhuo C, Wang X, Docampo-Palacios M, Sanders BC, Engle NL, et al.
2022. Developmental changes in lignin composition are driven by
both monolignol supply and laccase specificity. Science Advances
8:eabm8145

Zhuang Y, Zhao J, Xiao L, Liu X, Li L. 2025. The LACCASE3/5/12/13
clade mediates seed coat lignin deposition and regulates imbibition
and germination. Cell Reports 44:116584

Blaschek L, Murozuka E, Serk H, Ménard D, Pesquet E. 2023. Different
combinations of laccase paralogs nonredundantly control the
amount and composition of lignin in specific cell types and cell wall
layers in Arabidopsis. The Plant Cell 35:889-909

Wu J,Lv S, Zhao L, Gao T, Yu C, et al. 2023. Advances in the study of
the function and mechanism of the action of flavonoids in plants
under environmental stresses. Planta 257:108

Shomali A, Das S, Arif N, Sarraf M, Zahra N, et al. 2022. Diverse physio-
logical roles of flavonoids in plant environmental stress responses
and tolerance. Plants 11:3158

Bailly C. 2019. The signalling role of ROS in the regulation of seed
germination and dormancy. The Biochemical Journal 476:3019-3032
Sharma A, Shahzad B, Rehman A, Bhardwaj R, Landi M, et al. 2019.
Response of phenylpropanoid pathway and the role of polyphenols
in plants under abiotic stress. Molecules 24:2452

Chapman JM, Muhlemann JK, Gayomba SR, Muday GK. 2019. RBOH-
dependent ROS synthesis and ROS scavenging by plant specialized
metabolites to modulate plant development and stress responses.
Chemical Research in Toxicology 32:370-396

Rao MJ, Duan M, lkram M, Zheng B. 2025. ROS regulation and
antioxidant responses in plants under air pollution: molecular signal-
ing, metabolic adaptation, and biotechnological solutions. Antioxi-
dants 14:907

Santelia D, Henrichs S, Vincenzetti V, Sauer M, Bigler L, et al. 2008.
Flavonoids redirect PIN-mediated polar auxin fluxes during root grav-
itropic responses. Journal of Biological Chemistry 283:31218-31226
Chapman JM, Muday GK. 2021. Flavonols modulate lateral root emer-
gence by scavenging reactive oxygen species in Arabidopsis thaliana.
Journal of Biological Chemistry 296:100222

Gayomba SR, Muday GK. 2020. Flavonols regulate root hair develop-
ment by modulating accumulation of reactive oxygen species in the
root epidermis. Development 147:dev185819

Teale WD, Pasternak T, Dal Bosco C, Dovzhenko A, Kratzat K, et al.
2021. Flavonol - mediated stabilization of PIN efflux complexes regu-
lates polar auxin transport. The EMBO Journal 40:EMBJ2020104416
Zhang Y, Xia Y. 2026. Quercetin enhances tomato seed germination
via phenylpropanoid-dependent regulation of ROS, hormone signal-
ing, and starch hydrolysis. Plant Physiology and Biochemistry
230:110590

Huang Y, Wang H, Zhang Y, Zhang P, Xiang Y, et al. 2024. SCPL
acyltransferases catalyze the metabolism of chlorogenic acid
during purple coneflower seed germination. The New Phytologist
243:229-239

Shi et al. Seed Biology 2026, 5: €021

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[62]

[563]

[54]

[565]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Seed Biology

Yang J, Zhang Y, Jia J, Wang C, Fu Y. 2025. Flavonoid-lignin crosstalk:
engineering metabolic flux for optimised plant growth and stress
resilience. Plant, Cell & Environment 48:8141-8160

Zhao X, Niu Y, Bai X, Mao T. 2022. Transcriptomic and metabolic
profiling reveals a lignin metabolism network involved in mesocotyl
elongation during maize seed germination. Plants 11:1034

Balcerzak M, Harris LJ, Subramaniam R, Ouellet T. 2012. The
feruloyl esterase gene family of Fusarium graminearum is differentially
regulated by aromatic compounds and hosts. Fungal Biology
116:478-488

Martinez-Fraca J, de la Torre-Hernandez ME, Meshoulam-Alamilla M,
Plasencia J. 2022. In search of resistance against Fusarium ear rot:
ferulic acid contents in maize pericarp are associated with antifungal
activity and inhibition of fumonisin production. Frontiers in Plant
Science 13:852257

Soln K, Klemeng&i& M, Koce JD. 2022. Plant cell responses to allelopa-
thy: from oxidative stress to programmed cell death. Protoplasma
259:1111-1124

Rasmussen HN, Dixon KW, Jersakova J, Tésitelova T. 2015. Germination
and seedling establishment in orchids: a complex of requirements.
Annals of Botany 116:391-402

Steinbrecher T, Leubner-Metzger G. 2017. The biomechanics of seed
germination. Journal of Experimental Botany 68:765—783

Gianinetti A, Finocchiaro F, Bagnaresi P, Zechini A, Faccioli P, et al.
2018. Seed dormancy involves a transcriptional program that
supports early plastid functionality during imbibition. Plants 7:35
Zhang X, Gou M, Liu CJ. 2014. Arabidopsis kelch repeat f-box proteins
regulate phenylpropanoid biosynthesis via controlling the turnover
of phenylalanine ammonia-lyase. The Plant Cell 25:4994-5010

Zhang X, Gou M, Guo C, Yang H, Liu CJ. 2015. Down-regulation of
Kelch domain-containing F-box protein in Arabidopsis enhances the
production of (poly)phenols and tolerance to ultraviolet radiation.
Plant Physiology 167:337—-350

Shin D, Cho KH, Tucker E, Yoo CY, Kim J. 2024. Identification of
tomato F-box proteins functioning in phenylpropanoid metabolism.
Plant Molecular Biology 114:85

Wolny E, Betekhtin A, Rojek M, Braszewska-Zalewska A, Lusinska J,
et al. 2018. Germination and the early stages of seedling development
in Brachypodium distachyon. International Journal of Molecular
Sciences 19:2916

Crosby KC, Pietraszewska-Bogiel A, Gadella TWJ, Winkel BSJ. 2011.
Forster resonance energy transfer demonstrates a flavonoid metab-
olon in living plant cells that displays competitive interactions
between enzymes. FEBS Letters 585:2193-2198

Jorgensen K, Rasmussen AV, Morant M, Nielsen AH, Bjarnholt N, et al.
2005. Metabolon formation and metabolic channeling in the biosyn-
thesis of plant natural products. Current Opinion in Plant Biology
8:280-291

Winkel BSJ. 2004. Metabolic channeling in plants. Annual Review of
Plant Biology 55:85—107

Aravena-Calvo J, Busck-Mellor S, Laursen T. 2024. Global organization
of phenylpropanoid and anthocyanin pathways revealed by proximity
labeling of trans-cinnamic acid 4-hydroxylase in Petunia inflata petal
protoplasts. Frontiers in Plant Science 15:1295750

Yang X, Huang Y, Xia P. 2024. The property and function of proteins
undergoing liquid-liquid phase separation in plants. Plant, Cell & Envi-
ronment 47:3671-3684

Dorone Y, Boeynaems S, Flores E, Jin B, Hateley S, et al. 2021. A prion-
like protein regulator of seed germination undergoes hydration-
dependent phase separation. Cell 184:4284—4298.e27

Ro DK, Douglas CJ. 2004. Reconstitution of the entry point of plant
phenylpropanoid metabolism in yeast (Saccharomyces cerevisiae):
implications for control of metabolic flux into the phenylpropanoid
pathway. Journal of Biological Chemistry 279:2600—-2607

Pierce S, Spada A, Caporali E, Ceriani RM, Buffa G. 2019. Enzymatic
scarification of Anacamptis morio (Orchidaceae) seed facilitates
lignin degradation, water uptake and germination. Plant Biology
21:409-414

Page 130f 15


https://doi.org/10.1016/j.pbi.2005.03.013
https://doi.org/10.1016/j.pbi.2005.03.013
https://doi.org/10.1016/j.pbi.2005.03.013
https://doi.org/10.1186/1745-6150-4-7
https://doi.org/10.1046/j.1365-313x.1999.00491.x
https://doi.org/10.1046/j.1365-313x.1999.00491.x
https://doi.org/10.1111/nph.13090
https://doi.org/10.1111/tpj.12012
https://doi.org/10.1126/sciadv.abm8145
https://doi.org/10.1016/j.celrep.2025.116584
https://doi.org/10.1093/plcell/koac344
https://doi.org/10.1007/s00425-023-04136-w
https://doi.org/10.3390/plants11223158
https://doi.org/10.1042/BCJ20190159
https://doi.org/10.3390/molecules24132452
https://doi.org/10.1021/acs.chemrestox.9b00028
https://doi.org/10.3390/antiox14080907
https://doi.org/10.3390/antiox14080907
https://doi.org/10.1074/jbc.M710122200
https://doi.org/10.1074/jbc.RA120.014543
https://doi.org/10.1242/dev.185819
https://doi.org/10.15252/embj.2020104416
https://doi.org/10.1016/j.plaphy.2025.110590
https://doi.org/10.1111/nph.19776
https://doi.org/10.1111/pce.70106
https://doi.org/10.3390/plants11081034
https://doi.org/10.1016/j.funbio.2012.01.007
https://doi.org/10.3389/fpls.2022.852257
https://doi.org/10.3389/fpls.2022.852257
https://doi.org/10.1007/s00709-021-01729-8
https://doi.org/10.1093/aob/mcv087
https://doi.org/10.1093/jxb/erw428
https://doi.org/10.3390/plants7020035
https://doi.org/10.1105/tpc.113.119644
https://doi.org/10.1104/pp.114.249136
https://doi.org/10.1007/s11103-024-01483-4
https://doi.org/10.3390/ijms19102916
https://doi.org/10.3390/ijms19102916
https://doi.org/10.1016/j.febslet.2011.05.066
https://doi.org/10.1016/j.pbi.2005.03.014
https://doi.org/10.1146/annurev.arplant.55.031903.141714
https://doi.org/10.1146/annurev.arplant.55.031903.141714
https://doi.org/10.3389/fpls.2024.1295750
https://doi.org/10.1111/pce.14988
https://doi.org/10.1111/pce.14988
https://doi.org/10.1111/pce.14988
https://doi.org/10.1016/j.cell.2021.06.009
https://doi.org/10.1074/jbc.M309951200
https://doi.org/10.1111/plb.12694
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019

Seed Biology

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

Hameed A, Rasheed A, Gul B, Khan MA. 2014. Salinity inhibits seed
germination of perennial halophytes Limonium stocksii and Suaeda
fruticosa by reducing water uptake and ascorbate dependent antioxi-
dant system. Environmental and Experimental Botany 107:32—38
Ranade SS, Garcia-Gil MR. 2024. Lignin biosynthesis pathway repres-
sors in gymnosperms: differential repressor domains as compared to
angiosperms. Forestry Research 4:e031

Li W, Niu Y, Zheng Y, Wang Z. 2022. Advances in the understanding
of reactive oxygen species-dependent regulation on seed dormancy,
germination, and deterioration in crops. Frontiers in Plant Science
13:826809

Liszkay A, van der Zalm E, Schopfer P. 2004. Production of reactive
oxygen intermediates (O,~, H,0,, and ‘OH) by maize roots and their
role in wall loosening and elongation growth. Plant Physiology
136:3114-3123

Tenhaken R. 2015. Cell wall remodeling under abiotic stress. Frontiers
in Plant Science 5:771

Chen L, Guo H, Lin Y, Cheng H. 2015. Chalcone synthase EaCHS1
from Eupatorium adenophorum functions in salt stress tolerance in
tobacco. Plant Cell Reports 34:885—-894

Jiang J, Huang H, Gao Q, Li Y, Xiang H, et al. 2023. Effects of
editing DFR genes on flowers, leaves, and roots of tobacco. BMC Plant
Biology 23:349

Luo S, Wang S, Yang L, Luo K, Cheng J, et al. 2025. A comprehensive
evolutionary analysis of the dihydroflavonol 4-reductase (DFR) gene
family in plants: insights from 237 species. Genes 16:396

Zhou XE, Soon FF, Ng LM, Kovach A, Suino-Powell KM, et al. 2012.
Catalytic mechanism and kinase interactions of ABA-signaling PP2C
phosphatases. Plant Signaling & Behavior 7:581-588

Chevriau J, Zerbetto De Palma G, Alleva K, Zeida A. 2025. Hydrogen
peroxide transport by aquaporins: insights from molecular modeling
and simulations. Biophysical Reviews 17:301-308

Wen'Y, Zhou Y, Ding M, Luo Z, Wang C, et al. 2025. OsGSTT3 regulates
seed germination by modulating reactive oxygen species homeostasis
in rice. Theoretical and Applied Genetics 138:302

Sachdev S, Ansari SA, Ansari MI, Fujita M, Hasanuzzaman M. 2021.
Abiotic stress and reactive oxygen species: generation, signaling, and
defense mechanisms. Antioxidants 10:277

Peng L, Lang S, Wang Y, Pritchard HW, Wang X. 2017. Modulating
role of ROS in re-establishing desiccation tolerance in germinating
seeds of Caragana korshinskii Kom. Journal of Experimental Botany
68:3585-3601

Grabsztunowicz M, Koskela MM, Mulo P. 2017. Post-translational
modifications in regulation of chloroplast function: recent advances.
Frontiers in Plant Science 8:240

Li X, Bonawitz ND, Weng JK, Chapple C. 2010. The growth reduction
associated with repressed lignin biosynthesis in Arabidopsis thaliana
is independent of flavonoids. The Plant Cell 22:1620-1632
LinJS,Huang XX, LiQ, CaoY,Bao Y, et al. 2016. UDP-glycosyltransferase
72B1 catalyzes the glucose conjugation of monolignols and is essen-
tial for the normal cell wall lignification in Arabidopsis thaliana. The
Plant Journal 88:26—42

Ohtani M, Demura T. 2019. The quest for transcriptional hubs of
lignin biosynthesis: beyond the NAC-MYB-gene regulatory network
model. Current Opinion in Biotechnology 56:82—87

Liu C, Yu H, Rao X, Li L, Dixon RA. 2021. Abscisic acid regulates
secondary cell-wall formation and lignin deposition in Arabidopsis
thaliana through phosphorylation of NST1. Proceedings of the
National Academy of Sciences of the United States of America
118:€2010911118

Zhong R, Lee C, McCarthy RL, Reeves CK, Jones EG, et al. 2011. Tran-
scriptional activation of secondary wall biosynthesis by rice and
maize NAC and MYB transcription factors. Plant and Cell Physiology
52:1856-1871

Bomal C, Bedon F, Caron S, Mansfield SD, Levasseur C, et al. 2008.
Involvement of Pinus taeda MYB1 and MYB8 in phenylpropanoid
metabolism and secondary cell wall biogenesis: a comparative in
planta analysis. Journal of Experimental Botany 59:3925-3939

Page 140f 15

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

https://doi.org/10.48130/seedbio-0026-0019

Geng P, Zhang S, Liu J, Zhao C, Wu J, et al. 2020. MYB20,
MYB42, MYB43, and MYB85 regulate phenylalanine and lignin
biosynthesis during secondary cell wall formation. Plant Physiology
182:1272-1283

Zhou J, Lee C, Zhong R, Ye ZH. 2009. MYB58 and MYB63 are
transcriptional activators of the lignin biosynthetic pathway during
secondary cell wall formation in Arabidopsis. The Plant Cell
21:248-266

Xing M, Xin P, Wang Y, Han C, Lei C, et al. 2024. A negative feed-
back regulatory module comprising R3-MYB repressor MYBL2 and
R2R3-MYB activator PAP1 fine-tunes high light-induced anthocyanin
biosynthesis in Arabidopsis. Journal of Experimental Botany
75:7381-7400

Xu W, Grain D, Le Gourrierec J, Harscoét E, Berger A, et al. 2013. Regu-
lation of flavonoid biosynthesis involves an unexpected complex
transcriptional regulation of TT8 expression, in Arabidopsis. New
Phytologist 198:59-70

Feyissa DN, Levdal T, Olsen KM, Slimestad R, Lillo C. 2009. The
endogenous GL3, but not EGL3, gene is necessary for anthocyanin
accumulation as induced by nitrogen depletion in Arabidopsis rosette
stage leaves. Planta 230:747-754

Wang XC, Wu J, Guan ML, Zhao CH, Geng P, et al. 2020. Arabidopsis
MYB4 plays dual roles in flavonoid biosynthesis. The Plant Journal
101:637-652

Fornalé S, Shi X, Chai C, Encina A, Irar S, et al. 2010. ZmMYB31 directly
represses maize lignin genes and redirects the phenylpropanoid
metabolic flux. The Plant Journal 64:633—-644

Wind JJ, Peviani A, Snel B, Hanson J, Smeekens SC. 2013. ABI4: versatile
activator and repressor. Trends in Plant Science 18:125-132
Boonyaves K, Wu TY, Dong Y, Urano D. 2022. Interplay between
Arabidopsis GB and WRKY transcription factors differentiates envi-
ronmental stress responses. Plant Physiology 190:813—-827

Liu X, Hou X. 2018. Antagonistic regulation of ABA and GA in
metabolism and signaling pathways. Frontiers in Plant Science 9:251
JieY, Wang W, Wu Z, Ren Z, Li L, et al. 2024. Deciphering physiological
and transcriptional mechanisms of maize seed germination. Plant
Molecular Biology 114:94

Zdzieszynska J, Stawska M, Oracz K. 2016. Role of cell wall remodeling
proteins in the regulation of seed germination. Postepy Biologii
Komorki 43:503-523

Richards SL, Wilkins KA, Swarbreck SM, Anderson AA, Habib N, et al.
2015. The hydroxyl radical in plants: from seed to seed. Journal of
Experimental Botany 66:37—46

Schopfer P, Liszkay A. 2006. Plasma membrane-generated reactive
oxygen intermediates and their role in cell growth of plants. BioFactors
28:73-81

Alabadi D, Sun TP. 2025. Green revolution DELLA proteins: functional
analysis and regulatory mechanisms. Annual Review of Plant Biology
76:373—-400

Cappellini F, Marinelli A, Toccaceli M, Tonelli C, Petroni K. 2021.
Anthocyanins: from mechanisms of regulation in plants to health
benefits in foods. Frontiers in Plant Science 12:748049
Gonzalez-Guzman M, Pizzio GA, Antoni R, Vera-Sirera F, Merilo E, et al.
2012. Arabidopsis PYR/PYL/RCAR receptors play a major role in quan-
titative regulation of stomatal aperture and transcriptional response
to abscisic acid. The Plant Cell 24:2483-2496

Shu K, Liu XD, Xie Q, He ZH. 2016. Two faces of one seed: hormonal
regulation of dormancy and germination. Molecular Plant 9:34—45
Yan H, Pei X, Zhang H, Li X, Zhang X, et al. 2021. MYB-mediated regu-
lation of anthocyanin biosynthesis. International Journal of Molecular
Sciences 22:3103

Lismer A, Siklenka K, Lafleur C, Dumeaux V, Kimmins S. 2020. Sperm
histone H3 lysine 4 trimethylation is altered in a genetic mouse
model of transgenerational epigenetic inheritance. Nucleic Acids
Research 48:11380-11393

Ali S, Huang S, Zhou J, Bai Y, Liu Y, et al. 2023. miR397-LACs mediated
cadmium stress tolerance in Arabidopsis thaliana. Plant Molecular
Biology 113:415-430

Shi et al. Seed Biology 2026, 5: €021


https://doi.org/10.1016/j.envexpbot.2014.04.005
https://doi.org/10.48130/forres-0024-0029
https://doi.org/10.3389/fpls.2022.826809
https://doi.org/10.1104/pp.104.044784
https://doi.org/10.3389/fpls.2014.00771
https://doi.org/10.3389/fpls.2014.00771
https://doi.org/10.1007/s00299-015-1751-7
https://doi.org/10.1186/s12870-023-04307-7
https://doi.org/10.1186/s12870-023-04307-7
https://doi.org/10.3390/genes16040396
https://doi.org/10.4161/psb.19694
https://doi.org/10.1007/s12551-025-01288-9
https://doi.org/10.1007/s00122-025-05092-7
https://doi.org/10.3390/antiox10020277
https://doi.org/10.1093/jxb/erx172
https://doi.org/10.3389/fpls.2017.00240
https://doi.org/10.1105/tpc.110.074161
https://doi.org/10.1111/tpj.13229
https://doi.org/10.1111/tpj.13229
https://doi.org/10.1016/j.copbio.2018.10.002
https://doi.org/10.1073/pnas.2010911118
https://doi.org/10.1073/pnas.2010911118
https://doi.org/10.1093/pcp/pcr123
https://doi.org/10.1093/jxb/ern234
https://doi.org/10.1104/pp.19.01070
https://doi.org/10.1105/tpc.108.063321
https://doi.org/10.1093/jxb/erae399
https://doi.org/10.1111/nph.12142
https://doi.org/10.1111/nph.12142
https://doi.org/10.1007/s00425-009-0978-3
https://doi.org/10.1111/tpj.14570
https://doi.org/10.1111/j.1365-313X.2010.04363.x
https://doi.org/10.1016/j.tplants.2012.10.004
https://doi.org/10.1093/plphys/kiac305
https://doi.org/10.3389/fpls.2018.00251
https://doi.org/10.1007/s11103-024-01486-1
https://doi.org/10.1007/s11103-024-01486-1
https://doi.org/10.1093/jxb/eru398
https://doi.org/10.1093/jxb/eru398
https://doi.org/10.1002/biof.5520280202
https://doi.org/10.1146/annurev-arplant-053124-050732
https://doi.org/10.3389/fpls.2021.748049
https://doi.org/10.1105/tpc.112.098574
https://doi.org/10.1016/j.molp.2015.08.010
https://doi.org/10.3390/ijms22063103
https://doi.org/10.3390/ijms22063103
https://doi.org/10.1093/nar/gkaa712
https://doi.org/10.1093/nar/gkaa712
https://doi.org/10.1007/s11103-023-01369-x
https://doi.org/10.1007/s11103-023-01369-x
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019

https://doi.org/10.48130/seedbio-0026-0019

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

Sharma D, Tiwari M, Pandey A, Bhatia C, Sharma A, et al. 2016.
MicroRNA858 is a potential regulator of phenylpropanoid pathway
and plant development. Plant Physiology 171:944—959

Chen H, Tong J, Fu W, Liang Z, Ruan J, et al. 2020. The H3K27me3
demethylase RELATIVE OF EARLY FLOWERING6 suppresses seed
dormancy by inducing abscisic acid catabolism. Plant Physiology
184:1969-1978

Jeong CY, Lee WJ, Truong HA, Trinh CS, Jin JY, et al. 2018. Dual role of
SND1 facilitates efficient communication between abiotic stress
signalling and normal growth in Arabidopsis. Scientific Reports
8:10114

de Freitas GM, Thomas J, Liyanage R, Lay JO, Basu S, et al. 2019. Cold
tolerance response mechanisms revealed through comparative anal-
ysis of gene and protein expression in multiple rice genotypes. PLoS
One 14:20218019

Qiao L, Sun Y, Cao S, Zhao X, Qi X, et al. 2026. SNAC4/9 negatively
regulate the resistance of tomatoes to B. cinerea by suppressing
phenylpropanoid metabolic pathway. Plant Science 371:113275

Li J, Yu Q, Liu C, Zhang N, Xu W. 2025. Flavonoids as key players in
cold tolerance: molecular insights and applications in horticultural
crops. Horticulture Research 12:uhae366

Wang Y, Jin G, Song S, Jin Y, Wang X, et al. 2024. A peroxisomal cinna-
mate: CoA ligase-dependent phytohormone metabolic cascade in
submerged rice germination. Developmental Cell 59:1363—1378.e4
Qian W, Zhu Y, Chen Q, Wang S, Chen L, et al. 2023. Comprehensive
metabolomic and lipidomic alterations in response to heat stress
during seed germination and seedling growth of Arabidopsis. Frontiers
in Plant Science 14:1132881

CaiZ,HeF,Feng X, Liang T, Wang H, et al. 2020. Transcriptomic analysis
reveals important roles of lignin and flavonoid biosynthetic pathways
in rice thermotolerance during reproductive stage. Frontiers in Genet-
ics 11:562937

LiuS, Zenda T, Tian Z, Huang Z. 2023. Metabolic pathways engineering
for drought or/and heat tolerance in cereals. Frontiers in Plant Science
14:1111875

Bouzroud S, Henkrar F, Fahr M, Smouni A. 2023. Salt stress responses
and alleviation strategies in legumes: a review of the current knowl-
edge. 3 Biotech 13:287

Zhang Q, Zheng G, Wang Q, Zhu J, Zhou Z, et al. 2022. Molecular
mechanisms of flavonoid accumulation in germinating common
bean (Phaseolus vulgaris) under salt stress. Frontiers in Nutrition
9:928805

Shi et al. Seed Biology 2026, 5: €021

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

Seed Biology

Al-Khayri JM, Rashmi R, Toppo V, Chole PB, Banadka A, et al. 2023.
Plant secondary metabolites: the weapons for biotic stress manage-
ment. Metabolites 13:716

Ma QH. 2024. Lignin biosynthesis and its diversified roles in disease
resistance. Genes 15:295

Ramaroson ML, Koutouan C, Helesbeux JJ, Le Clerc V, Hamama L,
et al. 2022. Role of phenylpropanoids and flavonoids in plant resis-
tance to pests and diseases. Molecules 27:8371

Rubby S, Nunna S, Raval K, Sunidhi T, Tushadri S, et al. 2025. Dynamic
interactions between biotic and abiotic stressors in plants: mecha-
nisms, crosstalk and sustainable mitigation strategies. Plant Science
Today 12:1-11

Severino LS. 2021. Plants make smart decisions in complex environ-
ments. Plant Signaling & Behavior 16:1970448

Maymon T, Eisner N, Bar-Zvi D. 2022. The ABCISIC ACID INSENSITIVE
(ABI) 4 Transcription Factor Is Stabilized by Stress, ABA and Phospho-
rylation. Plants 11:2179

Gao F, Qi X, Guo H, Wang W, Liu F, et al. 2026. MPK3 as a signalling
hub in plants: integrating plant growth, development and stress
response. Plants 15:919

Lassowskat |, Bottcher C, Eschen-Lippold L, Scheel D, Lee J. 2014.
Sustained mitogen-activated protein kinase activation reprograms
defense metabolism and phosphoprotein profile in Arabidopsis
thaliana. Frontiers in Plant Science 5:554

Haller E, Iven T, Feussner |, Stahl M, Frohlich K, et al. 2020. ABA-
dependent salt stress tolerance attenuates Botrytis immunity in
Arabidopsis. Frontiers in Plant Science 11:594827

Ramos-Mufioz M, Blanco-Sanchez M, Pias B, Ramirez-Valiente JA,
Benavides R, et al. 2025. Interactive effects of warming and competi-
tion do not limit the adaptive plastic response to drought in popula-
tions of a Mediterranean plant. Global Change Biology 31:€70363
Abley K, Goswami R, Locke JCW. 2024. Bet-hedging and variability in
plant development: seed germination and beyond. Philosophical
Transactions of the Royal Society of London Series B, Biological Sciences
379:20230048

Copyright: © 2026 by the author(s). Published by
Maximum Academic Press on behalf of Hainan Yazhou

Bay Seed Laboratory. This article is an open access article distributed
under Creative Commons Attribution License (CC BY 4.0), visit
https://creativecommons.org/licenses/by/4.0/.

Page 150f 15


https://doi.org/10.1104/pp.15.01831
https://doi.org/10.1104/pp.20.01255
https://doi.org/10.1038/s41598-018-28413-x
https://doi.org/10.1371/journal.pone.0218019
https://doi.org/10.1371/journal.pone.0218019
https://doi.org/10.1016/j.plantsci.2026.113275
https://doi.org/10.1093/hr/uhae366
https://doi.org/10.1016/j.devcel.2024.03.023
https://doi.org/10.3389/fpls.2023.1132881
https://doi.org/10.3389/fpls.2023.1132881
https://doi.org/10.3389/fgene.2020.562937
https://doi.org/10.3389/fgene.2020.562937
https://doi.org/10.3389/fgene.2020.562937
https://doi.org/10.3389/fpls.2023.1111875
https://doi.org/10.1007/s13205-023-03643-7
https://doi.org/10.3389/fnut.2022.928805
https://doi.org/10.3390/metabo13060716
https://doi.org/10.3390/genes15030295
https://doi.org/10.3390/molecules27238371
https://doi.org/10.14719/pst.8094
https://doi.org/10.14719/pst.8094
https://doi.org/10.1080/15592324.2021.1970448
https://doi.org/10.3390/plants11162179
https://doi.org/10.3390/plants15060919
https://doi.org/10.3389/fpls.2014.00554
https://doi.org/10.3389/fpls.2020.594827
https://doi.org/10.1111/gcb.70363
https://doi.org/10.1098/rstb.2023.0048
https://doi.org/10.1098/rstb.2023.0048
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019
https://doi.org/10.48130/seedbio-0026-0019

	Introduction
	Seed germination: a critical developmental gating and phase transition
	Phenylpropanoid metabolism: a natural structure and signal bifurcation system
	The conceptual framework of the structure–signal dual hub model

	Biochemical origins and functional partitioning of the dual hubs
	Formation of the shared precursor pool: from gateway enzymes to the carbon divergence point
	The structural hub: mechanical strength and rigidity maintenance of the seed coat
	The signal hub: metabolic modulation of redox and hormone response networks
	The buffer zone: soluble phenolics and specialized metabolites

	Temporal activation and deactivation during dynamic germination
	Phase I (Imbibition): rapid activation and the safety mechanism
	Dynamic enzyme organization during Phase II: a speculative biophysical perspective
	Phase III (radicle protrusion): regulatory termination of barrier release

	Molecular regulation and interaction mechanisms of the dual hubs
	Structural hub: barrier remodeling and the redox environment
	Signal hub: fine intervention in redox homeostasis and hormone signaling
	Hub interaction: spatial compartmentalization of ROS and transmembrane signaling

	Integration of the dual hubs: a carbon allocation control framework
	MFR as resource competition and enzymatic switches
	Transcriptional hierarchical regulation of carbon allocation
	Hormonal antagonism and resource optimization
	Multi-layer fine-tuning of metabolic flux redirection

	Adaptive strategies: strategic redirection of metabolic flux
	Prioritization strategies: resource polarization
	Integrative strategies: parallel reinforcement and dual defense
	Mixed strategy and survival-first strategy against combined stresses

	Conclusions and perspectives
	Ethical statements
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	References

