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Abstract

Plant establishment, encompassing seed germination and early seedling development, rep-
resents one of the most critical and vulnerable phases in the plant life cycle. During these 
transitions, plants encounter a wide range of abiotic stresses, which impair survival and estab-
lishment, ultimately affecting crop productivity. This review synthesizes current knowledge 
on the physiological, biochemical, and molecular mechanisms during the seed-to-seedling 
transition and responses to major abiotic stresses, such as drought, salinity, extreme tempera-
tures, waterlogging, nutrient imbalances, and variable light. During germination, drought 
and salinity disrupt water uptake and imbibition kinetics and trigger hormonal signaling, 
osmotic adjustment, and antioxidant defense responses. Extreme temperatures further alter 
metabolic activation, enzyme stability, and membrane integrity, thereby affecting germina-
tion success. In contrast, waterlogging induces hypoxic conditions, which impair aerobic 
respiration and trigger adaptive responses such as anaerobic metabolism, fermentation, and 
aerenchyma formation. In parallel, the transition from skotomorphogenesis to photomorpho-
genesis requires precise coordination of phytochrome- and cryptochrome-mediated signaling 
networks, ensuring successful seedling emergence under variable light environments. Nutrient 
stress, including both deficiency and toxicity, affects reserve mobilization, root system archi-
tecture, and early seedling vigor. Emerging strategies, including seed priming, biopriming, 
nanotechnology-based interventions, and molecular breeding, are also discussed as approaches 
to enhance stress resilience during establishment. A deeper understanding of stage-specific 
regulation and mechanisms during seed-to-seedling development can provide critical insight 
for developing climate-resilient crops that maintain robust establishment under increasingly 
variable environmental conditions.

Keywords: seed germination; abiotic stress; phytochrome; hormones; reactive oxygen 
species; stress crosstalk; seed priming

1. Introduction
The transition from seed to seedling is one of the most critical phases in the plant life 

cycle because it determines whether a plant can successfully establish, survive environmen-
tal stress, and complete its reproductive cycle. In agricultural systems, this stage strongly 
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influences crop stand establishment, early vigor, resource-use efficiency, and ultimately 
yield stability [1]. Seed germination is especially vulnerable to abiotic stresses such as 
drought, salinity, extreme temperatures, nutrient stress, waterlogging, and seed ageing, 
all of which can delay or inhibit germination, weaken seedling establishment, and reduce 
crop productivity. Seed-stress research focused on drought, salinity, oxidative stress, and 
abscisic acid (ABA) indicates that these factors significantly modulate seed-to-seedling 
establishment [2,3].

The seed-to-seedling transition is not a single event but a sequential developmental 
process. It begins with the dry seed, which remains metabolically quiescent but retains 
the capacity to rapidly resume growth when conditions become favorable. During seed 
imbibition, water uptake reactivates respiration, enzyme activity, membrane repair, protein 
synthesis, and reserve mobilization, leading to germination [4]. Phytohormones integrate 
internal developmental cues with external environmental signals and regulate processes 
including seed germination, root development, and shoot growth [5]. Among these hor-
mones, ABA and gibberellins (GAs) play particularly important and often antagonistic 
roles in regulating seed dormancy and germination. The balance between ABA and GA 
signaling is closely associated with the induction and retention of seed dormancy, with 
variation in seed sensitivity to these hormones contributing to differences in dormancy [6]. 
More broadly, seed germination is regulated through extensive crosstalk among ABA, GA, 
ethylene, and environmental signals such as light, enabling seeds to integrate endogenous 
developmental cues with changing environmental conditions [7,8].

On the other hand, abiotic stress disrupts finely regulated processes at multiple levels. 
For example, drought limits water availability, reduces seed imbibition, delays metabolic 
activation, and restricts radicle emergence. At the seedling stage, water deficit decreases 
photosynthetic activity, inhibits cell elongation, and promotes oxidative stress [9]. Under 
exposure to polyethylene glycol (PEG) to induce drought stress in Chamerion angustifolium, 
Liu and Zhang [3] reported a reduction in germination rate, germination vigor, germination 
index, radicle length, and plumule length, while soluble sugars and proteins increased, 
indicating osmotic adjustment during early stress responses. Similarly, Marthandan et al. [9] 
describe that drought induces reactive oxygen species (ROS) accumulation, lipid peroxida-
tion, membrane deterioration, and inhibition of cell division and expansion during early 
plant growth. In contrast, a study on Brassica napus showed that waterlogging conditions 
in the soil induce hypoxia because oxygen diffuses 10,000 times more slowly than in air. 
Low oxygen levels cause anaerobic conditions, leading to the accumulation of ethylene and 
ethanol, which affect seedling growth [10]. Similarly, salinity stress affects germination 
through both osmotic and ionic components. The osmotic effect reduces water uptake, 
while ion toxicity disrupts cellular homeostasis and damages metabolic processes [11]. In 
soybean, salt stress was reported to delay germination even when the final germination 
percentage was not strongly affected, indicating that stress may affect germination speed 
and uniformity before reducing final germination [12].

These changes in germination dynamics are closely linked to the complex molecular 
signaling networks that regulate seed responses to stress. In particular, ROS function as an 
important signaling hub during seed germination, interacting with phytohormones such as 
ABA and GA and influencing multiple cellular and molecular processes [13]. Maintaining 
ROS homeostasis is therefore essential for preventing excessive oxidative damage and 
supporting successful seedling establishment, with both enzymatic and non-enzymatic 
antioxidant systems contributing to ROS detoxification [14]. Given the importance of 
antioxidant protection during stress, seed priming has emerged as a practical strategy 
for enhancing germination and improving drought stress tolerance by stimulating pre-
germinative metabolic and defense responses. It is a pre-sowing, controlled hydration 
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technique that activates pre-germinative metabolic and biochemical processes without 
radicle protrusion. Priming can promote enzyme activation, cell repair, antioxidant defence, 
osmolyte accumulation, and the mobilization of stored reserves [9]. Primed seeds can 
germinate faster and more uniformly under stress because they enter the germination 
process in a metabolically prepared state.

Despite substantial progress in seed biology, an important knowledge gap remains. 
First, many studies focus on single stresses, whereas field-grown seeds often encounter com-
bined stresses such as drought plus heat, salinity plus drought, or ageing plus osmotic stress. 
Second, biochemical and physiological responses are often studied separately, limiting our 
ability to connect molecular regulation with actual seedling establishment. Third, priming 
methods are promising but remain difficult to standardize across crops because optimal 
treatment conditions vary widely. Finally, more integration is needed among phenotyping, 
metabolomics, proteomics, transcriptomics, and field validation. Metabolomics is particu-
larly valuable because stress-responsive metabolites such as osmoprotectants, antioxidants, 
amino acids, sugars, and signalling compounds provide direct insight into the biochemical 
state of stressed seeds and seedlings [15]. Despite extensive advances in seed biology, our 
understanding of the seed-to-seedling transition under abiotic stress remains fragmented, 
with most studies focusing on isolated processes such as germination percentage, hormonal 
signaling, or stress physiology in later growth stages.

Building on this conceptual framework, this review mainly aims to synthesize current 
knowledge on the physiological, biochemical, hormonal, and molecular mechanisms that 
regulate the progression from seed germination to seedling establishment under abiotic stress 
conditions. Specifically, the review (i) defines the major developmental stages from the dry 
seed to the establishment of an autotrophic seedling, (ii) discusses how key abiotic stresses, 
such as drought, salinity, extreme temperatures, oxidative stress, nutrient stress, and seed 
ageing, disrupt these stages, and (iii) explores the integrative roles of hormonal signaling 
networks, ROS dynamics, osmotic adjustment, and antioxidant defense systems during these 
developmental stages. In addition, the review evaluates the emerging strategies such as 
seed priming, biopriming, nanopriming, and advanced phenotyping indices, which aim 
to enhance germination performance and stress tolerance during this transition. Finally, it 
highlights the critical knowledge gaps and proposes future research directions for the seed-
to-seedling transition, emphasizing the need for multi-scale, systems-level approaches that 
integrate physiological, biochemical, omics-based, and field-level insights to develop crops with 
improved establishment and resilience under increasingly variable environmental conditions.

2. The Dry, Quiescence, and Cytoplasmic Glassy States of Seed
2.1. Dry State of Seed and Its Structural and Biochemical Features

The dry seed represents a unique biological state characterized by extreme desiccation, 
metabolic quiescence, and remarkable longevity [16,17]. In this phase, seeds maintain 
viability over extended periods while remaining poised to rapidly resume metabolic activity 
upon exposure to favourable environmental conditions. This quiescent state is not merely 
passive; rather, it is a highly regulated condition that ensures survival during unfavorable 
conditions and synchronizes germination with optimal environmental cues [18]. Impor-
tantly, the dry seed can be considered a metabolically inactive yet structurally organized 
system, in which biochemical reactions are severely restricted due to extremely low water 
content, often below 10% of dry weight [19,20]. Dry seeds exhibit structural and biochemical 
adaptations that enable them to tolerate severe dehydration and maintain viability. Under 
such conditions, cytoplasmic viscosity increases dramatically, which restricts molecular 
diffusion, markedly slows chemical reactions, and effectively suppresses enzymatic activity 
and respiration, thereby contributing to the long-term preservation of cellular structures and 
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macromolecules [20]. This near-arrested metabolic state prevents uncontrolled biochemical 
reactions and minimizes the generation of ROS, thereby preserving cellular integrity over 
long periods [21]. However, the seeds of some species, such as Aesculus hippocastanum 
(horse chestnut), retain a high water content and remain metabolically active rather than 
entering the dry state typical of most seeds [22]. Despite their apparent inactivity, average 
plant seeds retain the intrinsic capacity for rapid metabolic reactivation, supported by pre-
existing cellular organization and stored macromolecules [23]. A key feature enabling this 
remarkable stability is the transition of the cytoplasm into a glassy state, which immobilizes 
cellular components and protects membranes, proteins, and nucleic acids from damage 
during desiccation [24,25]. In parallel, seeds accumulate a range of protective molecules, 
including non-reducing oligosaccharides and late embryogenesis abundant (LEA) proteins, 
which contribute to cellular protection during dehydration [26,27]. Together, these protec-
tive compounds help maintain cellular structural integrity and prevent protein denaturation, 
thereby ensuring the preservation of cellular function upon rehydration. Moreover, dry 
seeds are not entirely inert; they retain molecular systems for repair and recovery that can 
initiate DNA repair and genome surveillance once water becomes available [28].

This highly specialized state also contributes to seed longevity and ecological adapta-
tion. By drastically reducing metabolic activity, seeds limit energy expenditure and cellular 
damage, allowing them to persist in soil seed banks for extended periods [29,30]. At the 
same time, the quiescent state is closely linked to environmental sensing mechanisms, 
enabling seeds to synchronize germination with favorable conditions such as adequate 
moisture, temperature, and light [31,32]. Thus, the dry seed represents a physiologically 
arrested yet environmentally responsive state, bridging survival during stress with rapid 
transition to active growth during germination.

Metabolically, dry seeds remain in a highly quiescent state characterized by limited en-
zymatic activity due to the lack of available free water. Nevertheless, they retain substantial 
reserves of carbohydrates, lipids, and proteins that can support metabolic activity upon 
germination. As imbibition proceeds, metabolic and enzymatic processes are progressively 
activated, facilitating the mobilization and utilization of stored reserves required for germi-
nation and subsequent seedling growth [33]. Additionally, antioxidant metabolites play an 
important role in protecting plants against oxidative stress and are associated with enhanced 
tolerance to abiotic stress [15]. During seed imbibition, metabolic processes are reinitiated, 
allowing antioxidant defenses and other protective mechanisms to respond to the oxidative 
changes associated with the transition from the dry state to active metabolism [23].

2.1.1. Hormonal and Molecular Regulation in the Dry Seed
Although metabolic activity is largely suppressed, the dry seed maintains a complex 

regulatory framework at the molecular level. Hormonal balance plays a critical role in 
maintaining quiescence and preventing premature germination. ABA remains the dominant 
hormone in dry seeds, promoting desiccation tolerance, inhibiting growth, and maintaining 
the quiescent state [34]. Conversely, GAs, which promote germination, are present at low 
levels during this stage [8]. Hormonal crosstalk among ABA, GAs, ethylene, and other 
hormones creates a dynamic network that allows seeds to respond rapidly to environmental 
signals once imbibition begins. These interactions are tightly controlled in a spatiotemporal 
manner, ensuring that germination occurs only under favourable conditions [7]. A study 
using the ethylene receptor mutant etr2b in Cucurbita pepo demonstrated that crosstalk 
between ethylene and ABA is necessary for seed germination [34]. Beyond hormonal 
regulation, successful germination also depends on the preservation of cellular integrity 
during the dry seed state. Desiccation-tolerant seeds enter a metabolically quiescent state 
that prolongs embryo viability and protects against adverse environmental conditions, 
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while DNA repair and genome protection mechanisms help maintain their germination 
potential [35].

2.1.2. Stress Tolerance and Longevity of Dry Seeds
One of the most remarkable features of the dry seed state is its ability to tolerate extreme 

environmental conditions, including desiccation, temperature fluctuations, and oxidative 
stress. This tolerance is essential for seed longevity and survival in natural ecosystems [36]. 
However, environmental stress during storage or in the soil seed bank can lead to seed 
deterioration, reducing viability and vigor over time. Oxidative stress is a major factor 
contributing to seed ageing [37]. Even in the dry state, ROS can contribute to oxidative 
damage in seeds. When ROS accumulation exceeds the capacity of antioxidant defences, 
oxidative damage impairs cellular components and accelerates seed ageing, leading to loss 
of viability, reduced germination, and poor seedling establishment [9,38]. In Chamerion 
angustifolium, drought stress during germination was reported to impair seed germination 
and vigor, accompanied by changes in soluble osmolytes and antioxidant enzyme activity, 
indicating physiological adjustment to drought [3].

2.2. Nature of Seed Quiescence
Seed quiescence refers to the inability of a viable seed to germinate due to the absence 

of favourable environmental conditions, such as adequate water and oxygen, suitable tem-
perature, or light. Unlike dormancy, which is internally regulated, quiescence is externally 
imposed and rapidly reversible when suitable conditions are restored [39]. In the dry 
seed state, moreover, cellular metabolism is drastically reduced or nearly halted, allowing 
seeds to withstand prolonged periods of environmental stress without losing viability [21]. 
At this stage, the decision to germinate is tightly regulated by the integration of internal 
hormonal signals and external environmental cues. The balance between ABA and GA, 
together with environmental signals such as light, helps determine whether seeds remain 
dormant or proceed toward germination, while environmental factors such as moisture and 
temperature strongly influence seed survival and longevity [8,40].

Upon imbibition, seeds undergo a coordinated transition from a quiescent to an ac-
tive physiological state, involving metabolic activation, enzyme synthesis, mitochondrial 
reactivation, membrane reorganization, and changes in hormonal signaling [13,17]. This 
transition marks the end of quiescence and the beginning of germination. Importantly, the 
efficiency of this transition depends on the physiological quality of the dry seed. Seeds with 
higher vigor exhibit faster and more uniform germination, while those affected by ageing 
or stress show delayed or uneven germination [29,41]. This highlights the importance of 
successful germination for subsequent seedling establishment and the ability of seeds to 
maintain germination performance and recover under abiotic stress conditions [2].

2.3. Cytoplasmic Glassy State
During seed maturation, desiccation progressively reduces water availability, contribut-

ing to the transition of seeds into a dry, physiologically quiescent state. This water-dependent 
transition is essential for the acquisition of seed quality and subsequent germination ca-
pacity [21]. As seeds undergo progressive dehydration during maturation, LEA proteins 
accumulate and contribute to cellular tolerance to water loss [26]. During seed drying, 
the cytoplasm becomes markedly more viscous and eventually transforms into a glassy 
state. This state is primarily stabilized by the accumulation of non-reducing sugars, such as 
sucrose and raffinose family oligosaccharides, which play a critical role in replacing water 
molecules around membranes, proteins, and other macromolecules [41,42]. Together with 
protective proteins and stress-responsive molecular mechanisms, these compounds con-
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tribute to the preservation of cellular structures and metabolic stability, thereby supporting 
seed quality, longevity, and viability under adverse conditions [43].

The formation of this vitrified cytoplasm provides multiple layers of protection that 
are essential for seed survival. By immobilizing cellular structures, it physically stabilizes 
membranes and organelles, preventing membrane fusion, phase transitions, or leakage 
that would otherwise occur under desiccated conditions [41]. Upon rehydration, how-
ever, this protective state is progressively reversed as seeds transition from a dormant or 
quiescent state to an actively growing state, accompanied by the reactivation of cellular 
metabolism and responsiveness to environmental and biotic signals. Biotic stressors such as 
allelochemicals, mycotoxins, and bacterial toxins can disrupt enzymatic activity, membrane 
integrity, and cellular signaling, thereby impairing germination and subsequent seedling 
development [18].

Despite the loss of water during dehydration, LEA proteins are thought to contribute 
to cellular protection by stabilizing labile cellular components under stress conditions. 
Their high hydrophilicity and ability to stabilize enzymes during drying and freezing 
suggest that LEA proteins play an important role in maintaining cellular integrity and 
enhancing dehydration tolerance [26]. This rehydration process enables the reactivation 
of metabolic pathways, including respiration, enzyme activity, and reserve mobilization, 
thereby initiating the transition from quiescence to active growth. Importantly, the efficiency 
of this transition depends on the integrity of the glassy state during storage; seeds that 
maintain a stable vitrified cytoplasm are better able to recover rapidly and uniformly upon 
hydration [21]. Thus, cytoplasmic vitrification not only ensures survival during desiccation 
but also preserves the seed’s capacity for rapid metabolic reactivation, making it a central 
feature of successful seed-to-seedling transition.

Desiccation during seed maturation imposes profound structural and biochemical 
stress on cellular components, particularly proteins, membranes, and nucleic acids, which 
are inherently sensitive to dehydration-induced denaturation and damage. To withstand 
these extreme conditions, seeds have evolved highly efficient stabilization mechanisms that 
rely on the accumulation of specialized protective proteins, most notably LEA proteins and 
Heat Shock Proteins (HSPs) [44,45]. In particular, LEA proteins act as molecular “water 
substitutes,” forming hydrogen bonds with macromolecules and maintaining hydration 
shells that would otherwise be lost during desiccation [46]. In addition, they contribute 
to membrane stabilization by associating with phospholipid bilayers, reducing the risk of 
membrane phase transitions, leakage, and irreversible damage [28]. For example, Several 
LEA4 proteins from Arabidopsis thaliana, including LEA11, COR15A (LEA24), LEA25 and 
LEA29, have been shown to interact with and stabilize membrane model systems under 
specific stress conditions, although their protective effects vary depending on the protein 
and the type of stress [47].

Complementing the protective role of LEA proteins, heat shock proteins function 
as molecular chaperones that safeguard cellular proteins under stress conditions [48]. 
They can also contribute to seed protection and germination by regulating the function of 
key cellular proteins. For example, the mitochondrial small heat shock protein HSP24.7 
interacts with components of the mitochondrial electron transport chain and promotes 
cytochrome c/c1 formation and ROS production, thereby facilitating seed germination upon 
imbibition [49]. In addition to these protein-mediated mechanisms, the acquisition of seed 
desiccation tolerance and the subsequent transition from dormancy to germination are 
tightly coordinated by hormonal signaling. LEA proteins are associated with the late stages 
of seed development, when seeds acquire desiccation tolerance [46], while ABA signaling 
promotes the expression of LEA and other stress-responsive genes during seed maturation, 
thereby contributing to the establishment and maintenance of seed dormancy [50]. As seeds 
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progress toward the dry state, these interconnected protective and hormonal mechanisms 
help establish the physiological conditions required for survival during desiccation and 
subsequent germination upon rehydration [7,8]. The balance between ABA and gibberellins 
is particularly important in determining whether seeds remain dormant or proceed toward 
germination and subsequent seedling development [51].

3. Storage Forms and Reserve Accumulation
During seed maturation, plants allocate substantial resources to the developing seed, 

forming stored reserves that sustain metabolism during germination and early seedling 
establishment. Because the emerging seedling is initially heterotrophic and cannot yet 
photosynthesize, these reserves provide the sole source of energy, carbon, and nitrogen 
required for growth until autotrophy is established [16,33]. The nature, composition, 
and distribution of these reserves vary among species, but they are broadly categorized 
into carbohydrates, lipids, and storage proteins, each playing distinct physiological and 
biochemical roles.

3.1. Carbohydrates: Starch and Raffinose Family Oligosaccharides
Carbohydrates constitute one of the principal storage reserves in seeds, particularly 

in cereals, where starch serves as the dominant energy source supporting early seedling 
development. Starch is deposited in specialized plastids known as amyloplasts, located 
primarily in the endosperm or cotyledons, and is composed of two structurally distinct poly-
mers: amylose, which consists of relatively linear chains of glucose units, and amylopectin, 
which is highly branched and forms the bulk of the starch granule [52,53]. During germi-
nation and early seedling development, starch degradation provides energy and primary 
metabolic substrates required to support anabolic processes and growth in heterotrophic 
tissues [54]. In rice, for example, starch represents the main source of carbon and metabolic 
substrates during germination. Following imbibition, carbohydrate reserves are mobilized 
through the action of hydrolytic enzymes such as α-amylase, releasing soluble sugars that 
fuel glycolysis, the tricarboxylic acid (TCA) cycle, and the pentose phosphate pathway. 
This mobilization is closely integrated with hormonal signaling, including interactions 
between GAs and ABA, which coordinate carbohydrate metabolism with developmental 
processes during germination [52–54]. Beyond serving as metabolic substrates, soluble 
sugars also contribute to seed protection during maturation by forming a glassy matrix 
that immobilizes macromolecules and protects cellular membranes and proteins, thereby 
supporting seed viability under desiccated conditions [55]. At the same time, sugar-derived 
carbon skeletons contribute to biosynthetic processes required for early seedling growth 
and development [16,56].

In addition to starch, seeds accumulate a distinct class of soluble carbohydrates known 
as raffinose family oligosaccharides (RFOs), including raffinose, stachyose, and verbascose. 
These oligosaccharides have functions that extend beyond carbon storage, contributing 
to the protection of cellular structures during seed desiccation and storage [57]. Such 
protective mechanisms are particularly important because desiccation and subsequent rehy-
dration are associated with substantial oxidative and genotoxic stress, which can result in 
damage to proteins, DNA, and cellular structures and consequently affect seed viability 
and germination [28]. In this context, soluble sugars are thought to contribute to cellular 
desiccation tolerance, while LEA proteins may function as cellular stabilizers under dehy-
dration stress [26]. Beyond their protective functions, sugars provide energy and carbon for 
protein and cell wall synthesis and act as signaling molecules that interact with hormonal 
pathways [58].

https://doi.org/10.3390/stresses6040088

https://doi.org/10.3390/stresses6040088


Stresses 2026, 6, 88 8 of 48

These metabolic, protective, and signaling functions become particularly important 
during the transition from seed dormancy to germination. Seed germination represents a 
transition from a dormant or quiescent state to an active and growing state, during which 
seeds respond to environmental factors that influence germination success and seedling 
growth [18]. Following this transition, the mobilization of stored reserves supports embryo 
growth and radicle emergence and is regulated by the antagonistic actions of GAs and 
ABA [59,60]. The tightly regulated hormonal process is highly sensitive to environmental 
conditions; abiotic stresses such as drought, salinity, and temperature extremes can impair 
enzyme activity, disrupt sugar transport, and alter hormonal balance, ultimately reducing 
the efficiency of starch mobilization and delaying germination [2,19].

3.2. Lipids: Triacylglycerols (TAGs) in Oil Bodies
In many dicotyledonous species, including soybean, sunflower, and Arabidopsis, lipids 

constitute the predominant form of stored reserves, reflecting an evolutionary strategy to maxi-
mize energy density within the seed. These lipids are primarily accumulated as triacylglycerols 
(TAGs) within specialized organelles known as oil bodies or oleosomes [61,62]. Structurally, 
oil bodies are highly organized entities composed of a hydrophobic core of TAGs enclosed 
by a phospholipid monolayer embedded with specific structural proteins, such as oleosins, 
which play a critical role in maintaining organelle stability and preventing coalescence during 
desiccation and storage [63,64]. This structural arrangement ensures that lipid reserves remain 
accessible yet protected, allowing efficient mobilization upon germination.

The mobilization and utilization of seed reserves are particularly important during 
early seedling development, when the demand for energy and metabolic substrates in-
creases and developmental processes remain highly sensitive to environmental stresses. In 
sorghum, increasing salt concentrations significantly reduced germination, germination 
speed, and early seedling growth, demonstrating its sensitivity to salt stress [65]. Among 
the major storage reserves mobilized during this stage, lipids provide an important source 
of carbon and energy. In plant seeds, fatty acids are synthesized primarily in plastids, 
assembled into TAGs, and packaged into oil bodies in the embryo and endosperm, which 
serve as the main sites of neutral lipid storage [66]. Beyond their role as storage com-
pounds, fatty acids also serve as precursors for the formation of oxylipins, a diverse group 
of oxygenated lipid-derived signaling molecules involved in plant signaling and physio-
logical responses and abiotic stress resistance [67]. However, the high unsaturated fatty 
acid content of lipids renders them particularly susceptible to oxidative damage, especially 
through lipid peroxidation, which can compromise membrane integrity and reduce seed 
viability [68]. Consequently, the stability and efficient utilization of lipid reserves depend 
on robust antioxidant defense systems that limit oxidative stress during both storage and 
germination [69]. This highlights the dual nature of lipid reserves as both a vital energy 
resource and a potential vulnerability, underscoring the importance of tightly regulated 
redox homeostasis in oil-rich seeds [14].

3.3. Storage Proteins: Globulins and Prolamins
Proteins represent an important class of seed storage reserves and play a fundamen-

tal role in supporting the nutrition and growth of the emerging seedling. During early 
development, storage proteins serve primarily as a source of amino acids that provide 
the building blocks required for the synthesis of new proteins and support the growth 
and development of the young plant [70]. In wheat, prolamins represent the major class 
of storage proteins in the starchy endosperm, accounting for approximately 80% of total 
proteins in the endosperm. These proteins have an unusual amino acid composition, charac-
terized by high contents of glutamine and proline and relatively low levels of lysine, which 
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contributes to the comparatively low content of essential amino acids in wheat protein [71]. 
In developing seeds, amino acids serve as an important form of organic nitrogen and are 
transported through specialized amino acid transporters to sink organs and developing 
embryos, where their allocation contributes to nitrogen supply and supports seed growth 
and development [72].

The mobilization of protein reserves does not occur in isolation but is closely coor-
dinated with the metabolism of carbohydrates and lipids to ensure a balanced supply 
of carbon, nitrogen, and energy during early seedling development [73]. Seed storage 
proteins store amino acids required for seedling growth and include globulins such as 
legumin and vicilin in legumes and prolamins such as gliadin and zein in cereals [70,72]. 
Their accumulation is tightly regulated during seed development. Seed storage proteins 
are generally classified into four groups: albumins, globulins, prolamins, and glutelins. 
Albumins and globulins are the major storage proteins of the dicots (e.g., pulses), except 
for monocot oats (Avena sativa) and rice (Oryza sativa). In cereals such as maize (Zea mays), 
sorghum (Sorghum bicolor), coix (Coix lacryma-jobi), and millets, prolamins are the main 
storage proteins. Their accumulation is tightly regulated during seed development [74].

Amino acid transport within seeds varies with tissue organization; in endospermic 
seeds, amino acids must be transported across the seed coat, endosperm, and embryo [72]. 
These processes are coordinated with hormonal regulation of seed development and ger-
mination, in which ABA metabolism plays a central role in responding to environmental 
signals such as temperature and light [33]. In addition, amino acids act as precursors for the 
biosynthesis of nucleotides, phytohormones, and a wide range of secondary metabolites, 
thereby supporting diverse physiological processes during early growth. Under certain 
conditions, particularly when carbohydrate availability is limited or metabolic demand is 
high, amino acids may also be catabolized and enter respiratory pathways, contributing to 
energy production. Efficient nitrogen remobilization is therefore fundamental for sustaining 
rapid cell proliferation, enabling the establishment of functional root and shoot systems, 
and ensuring overall seedling vigor [75].

Beyond their role in growth and metabolism, certain amino acids contribute directly to 
stress adaptation during germination. For example, proline is well known for its function 
as an osmoprotectant, helping to maintain cellular osmotic balance, stabilize proteins and 
membranes, and mitigate oxidative stress under adverse environmental conditions [76]. 
Such multifunctional roles highlight the importance of protein-derived metabolites not 
only in supporting development but also in enhancing stress tolerance during the crit-
ical seed-to-seedling transition. Consequently, the efficiency of protease activation and 
nitrogen remobilization represents a key determinant of germination success and seedling 
establishment, particularly under abiotic stress conditions [9,19].

4. Imbibition: Rehydration and Metabolic Reactivation
Imbibition represents a critical physiological turning point in the seed life cycle, mark-

ing the transition from metabolic quiescence to active cellular processes [17]. This transition 
is accompanied by metabolic and mitochondrial reactivation, as well as increased ROS pro-
duction during germination [77]. As water becomes available, enzymatic activity resumes 
and ABA is degraded, promoting the activation of germination [33]. Concurrently, imbibi-
tion promotes the repair and reorganization of cellular components, including membranes, 
proteins, and nucleic acids [19].

The progression of imbibition is highly regulated and sensitive to external environ-
mental conditions, including temperature, water availability, oxygen levels, and osmotic 
potential. Suboptimal conditions can disrupt water uptake kinetics, delay metabolic reacti-
vation, and impair the coordination of biochemical processes required for germination [13]. 
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Hormonal signaling also contributes to the regulation of seed germination, with CKs pro-
moting germination through antagonistic effects on ABA signaling [78]. These events 
collectively establish the metabolic and regulatory framework necessary for the transition 
to germination. Overall, the efficiency and synchronization of imbibition play a decisive 
role in determining germination speed, uniformity, and subsequent seedling vigor, making 
this phase a critical determinant of successful plant establishment under both optimal and 
stress conditions [2,9].

4.1. Phases of Imbibition (I–III)
Imbibition proceeds through a well-characterized triphasic pattern of water uptake, 

with each phase corresponding to distinct physiological and biochemical events that col-
lectively drive the transition from a quiescent seed to an actively growing seedling [17] 
(Figure 1). Phase I (rapid imbibition) is characterized by rapid water absorption, initiat-
ing membrane reorganization, DNA repair, and early metabolic recovery. During early 
imbibition, the availability of water enables enzymatic activity, while ABA degradation 
contributes to the release of dormancy and activation of germination [33]. Consequently, 
a critical process during early imbibition, which facilitates membrane restructuring, in-
volves the reassembly of phospholipid bilayers, restoration of selective permeability, and 
re-establishment of proper cellular compartmentalization [29]. Maintaining membrane 
integrity during seed storage is closely associated with the preservation of seed vigor and 
germinability [41].

Phase II (metabolic activation or plateau phase) involves limited additional water 
uptake but extensive metabolic reactivation, including membrane repair, mitochondrial 
biogenesis, transcriptional activation, and hormonal regulation mediated by ABA and GA. 
Additionally, stored mRNAs and proteins accumulated during seed maturation facilitate 
the rapid onset of metabolic activity, while de novo synthesis of RNA and proteins supports 
continued development [74]. Simultaneously, the mobilization of stored reserves begins, 
providing the substrates necessary for respiration and biosynthesis. During this phase, 
cellular membranes and organelles become fully functional, enabling efficient compart-
mentalization and coordination of metabolic pathways [79]. Hormonal rebalancing is also 
a defining feature of this stage, thereby shifting the physiological state from dormancy 
maintenance toward active growth and preparing the seed for radicle protrusion [8,78] 
(Table 1).

The final stage, Phase III, is associated with renewed water uptake driven primarily by 
cell expansion and growth processes rather than passive hydration. This phase culminates 
in radicle emergence, marking the completion of germination and the onset of seedling 
establishment. Cell elongation and division become highly active during this stage, sup-
ported by increased energy production from respiration and the continued mobilization 
of stored reserves [17,33]. The coordinated integration of cellular expansion, metabolic 
activity, and hormonal signaling ensures the successful transition from a hydrated embryo 
to a growing seedling. Collectively, the triphasic pattern of imbibition reflects a finely tuned 
sequence of physical, biochemical, and developmental processes, the efficiency of which 
determines the speed, uniformity, and success of germination, particularly under variable 
environmental conditions [13].
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Figure 1. Schematic representation of the triphasic model of seed germination and the major phys-
iological and metabolic events. The figure is modified from Bewley [80]; the timescale shown is 
representative only and may vary among plant species.

4.2. Oxidative Burst and Redox Resetting During Imbibition
As the seed rehydrates and metabolic processes resume, electron transport chains in 

mitochondria and other cellular compartments become active, inevitably leading to the 
generation of ROS such as O2 •− , H2 O2 , and •OH [81,82]. While these molecules are often 
associated with cellular damage, their role during germination is more nuanced, as they 
function both as potentially harmful oxidants and as essential signaling mediators [83]. 
When maintained within controlled concentrations, ROS serve as key signaling molecules 
that regulate critical developmental processes, including the activation of germination-
related genes, modulation of hormonal pathways, particularly the balance between ABA 
and GAs, and facilitation of cell wall loosening required for radicle emergence [13]. This 
dual functionality highlights the importance of ROS as integral components of the regulatory 
network controlling germination timing and progression [14].

Post-translational modifications further contribute to the regulation of starch biosynthesis-
related proteins in developing rice seeds by affecting their activity, stability, and localiza-
tion [52]. At the same time, enzymatic antioxidants, such as SOD, CAT, APX, and GR, and 
non-enzymatic antioxidants, including ascorbate, glutathione, tocopherols, flavonoids, and 
other secondary metabolites, help scavenge reactive species and protect cellular components 
from oxidative damage [13]. Beyond redox regulation, gluconeogenesis provides an important 
metabolic link between organic acids, amino acids, lipids, and sugars, thereby contributing to 
the coordination of carbon metabolism in plants [84].

Beyond detoxification, the redox state of the cell plays a regulatory role in modulating 
enzyme activity and metabolic pathways during germination. Changes in redox balance 
can influence protein function through mechanisms such as thiol disulfide exchange, re-
versible oxidation of cysteine residues, and other post-translational modifications that alter 
enzyme conformation and activity [83]. Collectively, the interplay between ROS production, 
antioxidant defenses, and redox-regulated signaling constitutes a finely tuned system that 
underpins successful germination and early seedling development.
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4.3. Early Respiratory and Energetic Shifts with Imbibition
Rehydration during imbibition initiates a profound metabolic transition in the seed, 

shifting it from a dormant, low-energy state to one characterized by intense metabolic activity 
and high energy demand. In the earliest stages of imbibition, oxygen availability within seed 
tissues may be limited because rapid water influx and restricted diffusion reduce oxygen 
diffusion, leading to transient reliance on anaerobic pathways such as fermentation [17]. 
However, as hydration progresses and tissue permeability improves, oxygen diffusion 
increases, enabling a shift toward aerobic respiration, which is substantially more efficient 
in generating ATP. This transition from anaerobic to aerobic metabolism is critical, as efficient 
oxidative phosphorylation alone can meet the energy demands of germination, including 
macromolecular repair, reserve mobilization, and cellular expansion [16,19].

Central to this metabolic reactivation is the rapid maturation and activation of mito-
chondria. In dry seeds, mitochondria are present in a simplified, pro-mitochondrial form, 
with underdeveloped internal structures and limited respiratory capacity. Upon imbibition, 
these organelles undergo extensive structural and functional reorganization, including the 
development of cristae, assembly of respiratory complexes, and activation of the electron 
transport chain [79].

The reactivation of mitochondrial respiration during seed imbibition is regulated by 
coordinated modulation of respiratory electron transport, alternative oxidase (AOX) ac-
tivity and mitochondrial redox homeostasis. AOX, a cyanide-resistant terminal oxidase 
located in the inner mitochondrial membrane, provides an alternative route for electron 
transfer from reduced ubiquinone to molecular oxygen, bypassing complexes III and IV 
of the cytochrome respiratory pathway. Although AOX does not directly contribute to 
proton pumping, it facilitates continued electron transport, helps prevent excessive reduc-
tion in the mitochondrial electron transport chain and can limit ROS accumulation [85]. 
Further, they demonstrated that seed imbibition stimulated AOX activity and increased 
AOX1A expression in Arabidopsis thaliana. Furthermore, hydrogen sulfide (H2 S) signaling 
enhanced AOX protein accumulation and maintained AOX in its reduced (active state, 
thereby promoting germination. Similarly, Rodrigues et al. [86] reported that inhibition 
of AOX significantly affected germination in Pisum sativum, while expression of PsAOX1, 
PsAOX2a, and PsAOX2b varied among genotypes, indicating the importance of alternative 
respiration in germination-associated metabolic regulation. The physiological importance 
of AOX in maintaining mitochondrial energy metabolism has also been demonstrated in 
rice. Ji et al. [87] reported that suppression of OsAOX1 reduced mitochondrial oxygen con-
sumption, malate dehydrogenase activity, ATP content, and the abundance of respiratory 
complex I subunits in aged rice seeds following imbibition. These findings suggest that 
AOX contributes to maintaining respiratory competence and metabolic stability during 
seed germination, particularly when mitochondrial function is compromised. Furthermore, 
AOX-mediated respiration may support metabolic flexibility by facilitating electron flow 
associated with the TCA cycle and other pathways involved in reserve mobilization.

In addition to AOX, under oxygen-limited conditions, NO metabolism and alternative 
respiration are closely associated with cellular energy regulation. Kumari et al. [88] demon-
strated that nitrite supplementation enhanced anaerobic germination and seedling growth 
in deepwater rice by stimulating components of the phytoglobin–nitric oxide (PGB–NO) 
cycle, increasing anaerobic ATP production, and promoting AOX protein accumulation 
and respiratory activity. These responses were accompanied by reduced ROS accumula-
tion and lipid peroxidation, suggesting coordinated regulation of nitrogen metabolism, 
respiratory activity, and oxidative stress. Mitochondrial respiratory reactivation is also 
closely associated with thiol-redox regulation. Nietzel et al. [82] demonstrated that seed 
imbibition rapidly stimulates oxygen consumption and ATP accumulation, accompanied 
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by a shift toward a more reduced mitochondrial thiol-redox environment. Their redox 
proteomic analysis identified extensive changes in cysteine oxidation states among proteins 
associated with the respiratory electron transport chain and TCA cycle, highlighting the 
importance of redox-dependent regulation during the transition from metabolic quiescence 
to active respiration. Together, these findings indicate that early seed respiratory activation 
depends not only on the structural and functional competence of mitochondria but also on 
the coordinated regulation of alternative respiration, gaseous signaling, and mitochondrial 
redox homeostasis.

These molecular and developmental processes are further coordinated by hormonal 
regulation, with the ABA–GA balance controlling germination and brassinosteroids (BRs) 
signaling regulating cell division and elongation [33,89]. Together, hormonal regulation, 
reserve mobilization, and energy metabolism support the continuous availability of sub-
strates and ATP required for germination and early seedling growth. The efficiency of this 
metabolic reprogramming is a key determinant of germination speed and seedling vigor. 
Conversely, abiotic stresses that impair mitochondrial function, limit oxygen availability, or 
disrupt metabolic flux can significantly reduce ATP production, delay germination, and 
compromise seedling establishment [2,19].

5. Hormonal Control During Seed to Seedling Transition
The progression from a hydrated, metabolically reactivated seed to an established 

seedling is governed by a highly interconnected hormonal network [17]. Rather than 
acting in isolation, phytohormones form dynamic, context-dependent signaling circuits 
that integrate environmental cues (light, temperature, water, oxygen) with endogenous 
developmental programs. Central to this network is the ABA–GA axis, which determines the 
dormancy–germination decision, while auxin, CK, ethylene, and BRs fine-tune cell division, 
elongation, tissue differentiation, and early seedling morphogenesis [90,91]. Hormonal 
effects are further modulated by redox status and ROS signaling, creating multilayered 
control over the seed–seedling transition [7,8].

5.1. ABA–GA Antagonism: The Central Regulatory Switch
ABA plays a central role in establishing and maintaining the quiescent, desiccation-

tolerant state of the mature seed, acting as the primary hormonal regulator of dormancy and 
stress readiness [78]. A key component of ABA signaling is the activation of transcription 
factors such as ABSCISIC ACID INSENSITIVE 5 (ABI5), which acts as a central regulatory 
hub by repressing germination-associated genes and maintaining a transcriptional program 
characteristic of dormancy [8].

Declining dormancy is associated with reduced endogenous ABA and increased ABA 
catabolism through CYP707A2, together with enhanced GA biosynthesis [92]. This hor-
monal balance is further shaped by environmental cues that regulate GA biosynthesis and 
inactivation, thereby modulating GA levels and their effects on plant growth and develop-
ment [93]. Together, these dynamic hormonal responses allow seeds to adjust germination 
timing to environmental conditions, reducing the likelihood of germination under unfavor-
able conditions. Thus, ABA acts not only as a germination inhibitor but also as an important 
component of the environmental regulation of seed dormancy and germination [19].

In contrast to ABA, GAs act as major promoters of germination and early seedling 
growth, functioning antagonistically to ABA within a finely balanced regulatory system [94]. 
GA treatment can enhance germination performance and recovery under abiotic stress, 
highlighting the role of hormonal regulation in seed germination [2]. In addition, GAs pro-
mote cell wall loosening and expansion in the embryonic axis, facilitating radicle protrusion 
through the surrounding tissues. At the molecular level, GA signaling operates through 
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the degradation of DELLA proteins, which are negative regulators of growth; their removal 
releases repression on downstream transcriptional programs that drive cell elongation 
and metabolic activation [17,94]. This hormone-driven reprogramming is essential for 
transitioning the seed from a dormant state to active growth.

Crucially, the outcome of these opposing hormonal influences depends not only on 
the absolute levels of ABA or GA but also on their relative balance, often expressed as the 
ABA to GA ratio. A high ABA-to-GA ratio favors dormancy maintenance or delayed germi-
nation, whereas a lower ratio promotes germination and seedling establishment [78]. This 
hormonal balance is further influenced by environmental and developmental conditions, 
which affect seed cellular stability and metabolism through protective proteins and tran-
scriptional regulation [46,95]. Together, these interconnected regulatory pathways integrate 
developmental and environmental signals, providing coordinated control of germination 
and early seedling development [7,8].

5.2. Auxin, Cytokinin, Ethylene, and Brassinosteroids
While the antagonistic interplay between ABA and GA establishes the fundamental 

decision framework governing dormancy and germination, the successful progression from 
germination to seedling establishment requires the coordinated action of additional phyto-
hormones that regulate cell expansion, division, tissue differentiation, and overall seedling 
architecture. Among these, auxin, CKs, ethylene, and BRs function as key modulators that 
fine-tune developmental processes in response to both internal cues and environmental 
conditions [96].

Auxin, primarily in the form of indole-3-acetic acid (IAA), plays a central role in 
regulating cell elongation and establishing spatial organization during early seedling devel-
opment [97]. Auxin transport generates spatial and temporal variations in auxin signaling 
that regulate patterning and directional growth. Beyond elongation, auxin is critical for 
establishing polarity and guiding tissue patterning, ensuring proper differentiation of root 
and shoot structures. Its distribution within the seedling is tightly controlled by polar 
auxin transport systems mediated by PIN-FORMED (PIN) proteins, which generate local 
concentration gradients that direct differential growth responses [98]. These gradients are 
particularly important for processes such as hypocotyl elongation and apical hook forma-
tion, where asymmetric growth protects the emerging shoot apex during soil penetration. 
Auxin signaling also interacts closely with GAs to promote elongation, while under stress 
conditions, it intersects with ABA pathways, reflecting its integrative role in coordinating 
growth with environmental constraints [78] (Table 1).

CKs, in contrast, are primarily associated with the regulation of cell division and meris-
tem activity. They play a pivotal role in activating the shoot apical meristem and facilitating 
the transition from embryonic to vegetative growth [99]. Cytokinin regulates plant develop-
ment through signaling pathways that control cell proliferation, differentiation, and tissue 
patterning [100]. By promoting cell proliferation in meristematic tissues, CKs contribute 
to shoot meristem activity. Their dynamic interaction with auxin regulates root–shoot 
patterning, organogenesis, and cell fate, coordinating plant growth and development [101].

Ethylene serves as another key regulator during the seed-to-seedling transition, partic-
ularly under suboptimal environmental conditions. It is widely recognized as a positive 
regulator of germination, capable of alleviating ABA-mediated inhibition and thereby pro-
moting the transition from dormancy to active growth. Ethylene also facilitates endosperm 
weakening and radicle emergence by modulating cell wall properties, allowing the em-
bryo to overcome mechanical resistance imposed by surrounding tissues. In etiolated 
seedlings, ethylene plays a crucial role in regulating apical hook formation, which protects 
the shoot meristem during emergence through the soil [102,103]. Notably, ethylene pro-
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duction and signaling are often enhanced under stress conditions, where it functions as 
an adaptive mechanism that enables seeds to overcome environmental and mechanical 
constraints [7,104].

BRs further contribute to the regulation of early seedling growth by promoting cell 
expansion and elongation, particularly in the hypocotyl. These hormones act synergistically 
with auxin and GAs to enhance growth responses and improve seedling vigor. In addition 
to their growth-promoting effects, BRs are increasingly recognized for their role in stress 
adaptation, as they modulate antioxidant systems, gene expression, and cellular metabolism 
to enhance tolerance to abiotic stresses [89]. Moreover, BRs interact with light signaling 
pathways to regulate the transition between skotomorphogenesis (growth in darkness) and 
photomorphogenesis (growth in light), thereby influencing key developmental processes 
such as cotyledon expansion, chloroplast development, and seedling greening [105].

Collectively, these hormonal pathways form an intricate and highly interconnected 
network that integrates developmental stages with environmental signals. Through exten-
sive crosstalk and feedback regulation, auxin, CKs, ethylene, and BRs refine the broader 
ABA–GAs regulatory framework, ensuring that germination and seedling establishment 
proceed in a coordinated and adaptive manner [17]. This multilayered hormonal con-
trol enables seedlings to balance growth and stress responses, ultimately determining 
their ability to successfully establish and transition to autotrophic growth under variable 
environmental conditions.

5.3. Hormonal Crosstalk During Seed to Seedling Transition
5.3.1. ABA–GA Interaction During Seed Germination

The antagonistic interaction between ABA and GA represents a central regulatory 
mechanism controlling the transition from seed dormancy to germination. ABA inhibits ger-
mination primarily through the PYR/PYL/RCAR–PP2C–SnRK2 signaling pathway, which 
activates ABA-responsive transcription factors, including ABI3, ABI4, and ABI5. Conversely, 
GAs promote germination through GID1-mediated degradation of DELLA growth repres-
sors, particularly RGL2 [106,107]. Further, they demonstrated that RGL2 promotes ABA 
accumulation and ABI5 activity, thereby preventing germination when GA availability is 
limited. More recently, experimental evidence demonstrated that ABI5 directly regulates the 
transcription of ABA receptor genes, including PYL11 and PYL12, establishing an additional 
feedback mechanism controlling ABA sensitivity during germination [108]. Furthermore, 
Finkelstein and Lynch [109] demonstrated that ABI5-binding proteins can suppress germi-
nation inhibition associated with DELLA accumulation, indicating convergence between 
ABA and GA regulatory pathways. These findings identify RGL2, ABI5, and SnRK2 kinases 
as important molecular nodes integrating ABA and GA signaling during early germination.

5.3.2. Light, ABA, and GA Signaling
Light-dependent seed germination is regulated through phytochrome signaling 

and PHYTOCHROME-INTERACTING FACTORs (PIFs), which influence ABA and GA 
metabolism [110]. Further, they identified a PIF1–miR408–PLANTACYANIN regulatory 
cascade that links light perception with hormonal balance during Arabidopsis seed germina-
tion. PIF1 represses miR408 expression, maintaining PLANTACYANIN accumulation and 
favoring a high-ABA, low-GA physiological state that inhibits germination. Light-induced 
PIF1 degradation releases this repression, facilitating hormonal changes associated with ger-
mination. This mechanism illustrates how environmental light signals are integrated with 
hormonal regulation through specific transcriptional and post-transcriptional regulators.
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5.3.3. Ethylene–Auxin–GA Interactions During Apical Hook Formation
Ethylene signaling activates EIN2-dependent stabilization of EIN3/EIL1 transcription 

factors, which promote the expression of HOOKLESS1 (HLS1), a central regulator of 
apical hook development. GA enhances this process by promoting DELLA degradation 
and facilitating EIN3/EIL1-dependent HLS1 expression. EIN3/EIL1 and PIF transcription 
factors also independently activate HLS1 through distinct promoter elements, integrating 
ethylene, GA, and light signaling. The resulting asymmetric auxin distribution contributes 
to differential cell elongation and hook curvature. Importantly, mechanical resistance during 
soil emergence stimulates EIN3-dependent HLS1 expression, demonstrating that hormonal 
crosstalk is dynamically modified by the physical environment [111,112].

5.3.4. Auxin–Cytokinin Interactions During Root Meristem Establishment
Auxin and cytokinin coordinate early root meristem development through antagonistic 

regulation of cell proliferation and differentiation. In Arabidopsis thaliana, cytokinin signaling 
involves the B-type response regulators ARR1 and ARR12 and the downstream transcription 
factor RAV1, which modulates the expression of SHORT HYPOCOTYL2/IAA3 (SHY2) and 
the auxin efflux transporter PIN1. This regulatory network influences auxin distribution, 
promotes the transition toward cell differentiation, and restricts root meristem expansion. 
Furthermore, brassinosteroid signaling interacts with this pathway through BES1-mediated 
regulation of SHY2 and PIN7, highlighting the integration of multiple hormonal signals 
during early root development [113,114].

5.3.5. BR–GA–Light Integration During Hypocotyl Elongation
BRs and GAs cooperatively regulate seedling hypocotyl elongation through inter-

connected signaling pathways involving BRASSINOSTEROID INSENSITIVE 2 (BIN2), 
BRASSINAZOLE RESISTANT 1 (BZR1), DELLA growth repressors, and PHYTOCHROME-
INTERACTING FACTORs (PIFs). GA promotes DELLA degradation, relieving DELLA-
mediated inhibition of BZR1 and PIF transcriptional activity, whereas BR signaling promotes 
BZR1 activation and reduces BIN2-dependent inhibition of PIF4, thereby facilitating the 
expression of cell elongation-related genes [115,116]. Recent studies have identified addi-
tional molecular regulators linking these hormonal pathways with environmental signals. 
The DELLA–ABI4–HY5 module integrates GA and light signaling by regulating hypocotyl 
elongation and GA catabolism through GA2ox genes [117]. Furthermore, another recent 
study demonstrated that the transcription elongation factor IWS1 coordinates BR and GA 
signaling under elevated temperatures by interacting with BZR1 to promote PIF4 transcrip-
tion and with TCP14/TCP15 to enhance GA20ox2 expression, thereby promoting DELLA 
degradation and thermomorphogenic growth [118].

Table 1. Hormonal crosstalk during seed germination.

Hormone 
Crosstalk

Key Molecular 
Regulators Regulatory Mechanism Developmental 

Effect Condition References

ABA–GA
PYR/PYL/RCAR, 

PP2C, SnRK2, 
ABI5, RGL2, GID1

Antagonistic: ABA 
promotes ABI5-dependent 
inhibition; GA promotes 

DELLA degradation

Dormancy 
maintenance 

versus 
germination

ABA accumulation; 
abiotic stresses 

(mainly drought)
[107]

Light–ABA–GA
Phytochrome, PIF1, 

miR408, 
PLANTACYANIN

Light promotes PIF1 
degradation, relieving 
miR408 repression and 

shifting ABA/GA balance

Germination 
initiation Red/far-red light [110]
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Table 1. Cont.

Hormone 
Crosstalk

Key Molecular 
Regulators Regulatory Mechanism Developmental 

Effect Condition References

Ethylene–
auxin–GA

EIN2, EIN3/EIL1, 
HLS1, DELLA, 

PIFs

Cooperative and spatially 
regulated: ethylene and GA 
promote HLS1 expression; 

asymmetric auxin 
distribution drives 

curvature

Apical hook 
formation and 
maintenance

Darkness; harsh 
soil conditions [111,112]

Auxin–CK–BR
ARR1/ARR12, 

RAV1, SHY2/IAA3, 
PIN1/PIN7, BES1

Predominantly antagonistic 
CK–auxin regulation; BR 

provides additional 
modulation of SHY2 and 

PIN expression

Root meristem 
size, cell 

proliferation and 
differentiation

Root transition 
zone; 

developmental 
context

[113,114]

BR–GA–light
BIN2, BZR1, 

DELLA, PIF4, 
ABI4, HY5

Predominantly cooperative 
BR–GA signaling; DELLA 

and BIN2 constrain 
elongation-associated 

transcription

Hypocotyl 
elongation Light and darkness [115,116]

BR–GA–Light

IWS1, BZR1, 
TCP14/15, 

GA20ox2, PIF4, 
DELLA

Cooperative: IWS1 
promotes PIF4 expression 

and GA biosynthesis, 
facilitating DELLA 

degradation

Thermomor-
phogenic 
hypocotyl 
elongation

High temperature [118]

5.4. Hormonal Control of Developmental Outcomes: From Germination to Seedling Architecture
Radicle protrusion marks the completion of germination and is regulated by complex 

crosstalk between ABA and GA [78] (Table 2). GAs promote embryo growth and cell wall 
loosening, while ethylene facilitates endosperm weakening and helps the radicle overcome 
mechanical resistance imposed by surrounding tissues [102]. This process is highly sensitive 
to environmental conditions and reflects the integration of hormonal and biomechanical 
signals that enable the embryo to transition from a confined state to active growth [7,8].

Following radicle emergence, hypocotyl elongation becomes a dominant growth pro-
cess, particularly in etiolated seedlings. This elongation is regulated by a coordinated inter-
action between auxin, GAs, and BRs, which together promote cell expansion through mod-
ulation of cell wall extensibility and activation of growth-related gene expression [90,119]. 
Cytokinin signaling interacts with auxin to regulate plant growth and development [100], 
while GAs and BRs enhance elongation by relieving growth repression and stimulating 
cell expansion pathways [90,94]. Another critical morphological adaptation during early 
seedling growth is apical hook formation, which is a characteristic feature of etiolated 
growth that facilitates seedling emergence, while auxin promotes cell elongation through 
cell-wall modification [102,119]. Cytokinins promote cell division and, together with other 
phytohormones, regulate plant growth and development [99]; BRs support cell expansion 
and stress adaptation [90]. The integration of these processes culminates in the estab-
lishment of a functional seedling capable of initiating photosynthesis and transitioning to 
autotrophic growth.

Taken together, these developmental events highlight the complexity of hormonal reg-
ulation during the seed–seedling transition, which operates as a multilayered and highly 
dynamic system. ABA plays a central role in ensuring survival by maintaining dormancy 
and enabling environmental sensing, while GAs act as primary drivers of germination and 
reserve mobilization [92]. Auxin, cytokinins (CKs), ethylene, and BRs further refine growth 
patterns, tissue differentiation, and morphological development through extensive crosstalk 
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and feedback regulation [120]. This interconnected hormonal network integrates internal 
developmental status with external environmental cues, allowing seeds to precisely time ger-
mination and optimize seedling establishment. Such regulation confers both robustness and 
plasticity, enabling seeds to balance the risks associated with premature germination against 
the advantages of rapid establishment when conditions are favorable. This finely tuned system 
underscores the adaptive significance of hormonal control in plant life cycles and highlights 
its importance for improving crop performance under variable environmental conditions.

Table 2. The table summarizes the major physiological, biochemical, and cellular events occurring 
during the sequential phases of seed germination and early seedling establishment, including water 
uptake, membrane repair, mitochondrial activation, hormonal regulation, reactive oxygen species (ROS) 
signaling, reserve mobilization, and radicle emergence. It also highlights the influence of abiotic stresses 
on these processes and their consequences for germination efficiency and seedling vigor.

Transition 
Stage/Process Physiological Changes Biochemical Changes Hormonal/Molecular 

Regulation References

Dry seed and storage

Retains a set of 
macromolecules such as 

carbohydrates, lipids, and 
proteins; Seeds retain the 

intrinsic capacity for rapid 
metabolic reactivation and 

maintain viability

Remain metabolically 
inactive; favourable 
conditions resume; 

mobilize reserves after 
favourable conditions; 
suppress enzymatic 

activity and respiration

ABA is the dominant 
hormone in dry seeds, 
promoting desiccation 

tolerance, inhibiting growth, 
and maintaining the 

quiescent state

[18,22,34]

Phase I: Early 
imbibition

Plasma membrane repair 
and permeability gradually 

decreases; Organelle 
rehydration; Cell volume 
increase (50–60% DW)

Pre-stored mRNA 
reactivation; polysome 
assembly; Anaerobic 
ATP synthesis; DNA 
base-excision repair 

(OGG1, Ref-1); Solute 
leakage sealed by lipid 

repair; HSP70/sHSP 
chaperone activation

Elevated ABA; ABI3/ABI5 
active; GA20ox/GA3ox 

upregulated; ABA/GA ratio 
governs Phase II entry; DOG1 

sustains ABA sensitivity; 
ACS family initiates 

ethylene biosynthesis

[121–123]

Phase II: 
Metabolic plateau

Starch Reserve 
Mobilisation

Endosperm cell-wall 
dissolution; Aleurone’s 

secretory activation; 
Starchy endosperm 

degradation; Sucrose 
transport to embryonic 
axis; Osmotic potential 

increase drives 
water uptake

α- and β-amylase 
produce 

maltose/glucose; Limit 
dextrinase/α-

glucosidase complete 
breakdown; TCA cycle 

activated for energy; 
Sugar transporters 

export sucrose; 
Invertase converts 
sucrose to hexoses

GA promotes α-amylase via 
GAMYB;

ABA and GA act 
antagonistically in the 

regulation of seed 
germination; GA/ABA ratio 
limits mobilisation rate; BR 

synergises with GA

[121,123–125]

Lipid Reserve 
Mobilisation

Mobilization of reserve 
nutrients and activation of 

lipid metabolism 
accompany seed 

germination

Mobilization of reserve 
nutrients accompanies 

the activation of 
metabolic processes 
during germination

Hormonal regulation 
involving ABA, GA, ethylene, 

Cks, BRs, auxins, and 
jasmonates contributes to the 

seed-to-seedling transition

[121,122]

Protein Reserve 
Mobilisation

PSV degradation releases 
amino acids; Cotyledon 

shrinkage as storage 
proteins deplete; Nitrogen 

remobilised to 
seedling tissues

Proteolytic 
mobilization of storage 
reserves contributes to 

metabolic activation 
during germination

GA, ABA and other 
hormones regulate the 

transition from seed 
dormancy to germination 
and seedling development

[121,122,124]
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Table 2. Cont.

Transition 
Stage/Process Physiological Changes Biochemical Changes Hormonal/Molecular 

Regulation References

Phase III: Testa 
rupture and radicle 

protrusion

Radicle growth and 
progressive cell division 
and elongation mark the 

transition to 
post-germination 

development

Activation of vegetative 
growth genes 

accompanies extensive 
transcriptomic and 

signaling 
reprogramming

GA degrades DELLAs, 
releasing growth genes; 

Ethylene promotes apical 
hook via HLS1; IAA polar 

transport establishes 
dorsoventral gradient; BR 

synergises with GA for 
elongation; CK promotes cell 

division at embryonic axis

[121,122,124]

Mitochondrial 
Biogenesis and Energy 

Transition

Promitochondria mature 
within minutes of 

imbibition; Anaerobic →
aerobic respiration 

transition; ATP energy 
charge rises; Oxygen 

consumption increases 
rapidly; PGB/NO cycle 

supports ATP 
under hypoxia

AMP/ADP dominant 
in dry seeds; ATP 
post-imbibition; 
Mitochondrial 

thiol-redox reset; TCA 
intermediates sourced 
from β-oxidation; AOX 

pathway prevents 
excess ROS; ETC 
complexes I–V 

assembled de novo

Oxygen and ROS signaling 
interact with phytohormone 

pathways during 
germination and 

plant development

[121,126]

ROS Dynamics and 
Antioxidant Response

Controlled oxidative burst 
during late imbibition 

stage;
H2 O2  acts as a diffusible 

signal; Antioxidant 
capacity upregulated 
progressively; Lipid 

peroxidation elevated in 
aged seeds

RBOH generates 
super-oxide (O2 •− ); 

SOD (Mn/Fe/Cu-Zn) 
converts O2 •−  to H2 O2 ; 
CAT and APX reduce 

H2 O2  to H2 O; 
AsA-GSH cycle 
maintains redox 
balance; MDA: 

oxidative damage 
marker; NO from 

NIA1/NIA2

ROS promotes GA 
biosynthesis and ABA 

catabolism, while 
ROS–ABA–GA interactions 
regulate dormancy release 

and germination

[13,121,127]

mRNA Stabilisation 
and Translational 
Reprogramming

Polysome reassembly 
triggers translation within 

minutes; Long-lived, 
maturation-associated 

stored mRNAs are 
selectively recruited to 

polysomes and translated 
within minutes of 
imbibition, then 

progressively degraded; de 
novo transcription of 

germination and 
seedling-associated genes 

replaces them, while 
maturation regulators 

(ABI3, LEC1, FUS3) are 
transcriptionally silenced; 

Seed-maturation 
transcripts (ABI3, LEC1) 

degraded; miRNAs silence 
dormancy genes

Translational 
regulation activates 

stored and newly 
synthesized mRNAs 
during germination

ABA and GA regulate 
germination, while ethylene, 

auxins, cytokinins and 
jasmonates also participate in 

the seed-to-seedling 
transition

[121–123]
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Table 2. Cont.

Transition 
Stage/Process Physiological Changes Biochemical Changes Hormonal/Molecular 

Regulation References

Heterotrophic seedling 
growth

Cell Wall Biochemistry 
and Extensibility

Endosperm cap hydrolysis 
facilitates radicle 

emergence; Cell wall 
loosening enables 

elongation; Root epidermal 
expansion initiates root 

hair formation; Hypocotyl 
elongation via 

acid-growth mechanism

Endosperm 
degradation 

accompanies radicle 
protrusion during the 

transition to the 
post-germination stage

ABA and GA are central 
regulators of germination, 
while ethylene, auxins and 

BRs also participate in 
seed-to-seedling transition

[121–123]

Post-Germination 
Reserve Depletion and 
Autotrophic Transition

After radicle emergence, 
root and shoot systems 
develop continuously, 

including primary and 
lateral root formation

Starch reserves are 
mobilized during 

germination, providing 
soluble sugars for 
embryo growth

ABA and GA balance 
regulates germination, while 

auxin and ROS signaling 
contribute to root 
architecture and 

gravitropic growth

[13,122–124,
126]

Jasmonate (JA) and 
Salicylate (SA) 

Signalling

JA regulates seed 
germination, root 

elongation, and apical hook 
formation and interacts 

with SA in 
defense signaling

JA signaling involves 
the COI1–JAZ–MYC2 
pathway and interacts 
with other hormonal 
signaling networks

JA inhibits GA biosynthesis 
via JAZ–DELLA; JA–BR 

antagonism modulates hook 
opening timing; SA and 

ethylene co-activate defence 
genes; ABA–JA synergy 
governs stress–growth 

trade-offs; CK antagonises JA 
to favour seedling growth

[125,128]

Epigenetic 
Reprogramming

Cell-wall extensibility 
enables irreversible cell 

expansion during 
plant growth

Cellulose, xyloglucan 
and pectins form a 

strong yet extensible 
cell-wall network

Wall pH and α-expansin 
activity regulate cell-wall 
loosening and extension

[129]

6. Cellular and Physiological Events During Radicle Emergence
Radicle emergence marks the completion of germination and represents a critical 

biomechanical transition where the embryo overcomes the physical constraints of surround-
ing tissues (seed coat and endosperm) [17,130]. This process requires the integration of 
cell wall remodeling, turgor-driven expansion, cytoskeletal reorganization, and vesicle 
trafficking, all tightly regulated by hormonal signals (GA, ABA, ethylene), ROS, and envi-
ronmental conditions [119] (Table 2). Successful radicle protrusion is therefore not merely 
a growth event but a coordinated cellular and physiological process determining seedling 
establishment and vigor.

6.1. Cell Wall Loosening and Expansion
Radicle emergence represents a critical biomechanical event during germination, re-

quiring the coordinated expansion of cells within the embryonic axis and the simultaneous 
weakening of the surrounding seed tissues, particularly the endosperm and seed coat. 
This process is fundamentally governed by controlled remodeling of the plant cell wall, 
a complex and dynamic structure composed of cellulose microfibrils embedded in a ma-
trix of hemicellulose and pectin [131]. The extensibility and mechanical properties of the 
cell wall must be precisely regulated to allow cell expansion while maintaining structural 
integrity. Among the key regulators of this process are expansins, xyloglucan endotransglu-
cosylase/hydrolases (XTHs), and pectin-modifying enzymes, each contributing to distinct 
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yet complementary aspects of wall modification (Table 2). Expansins are non-enzymatic 
proteins that disrupt hydrogen bonding between cellulose microfibrils and hemicellulose, 
thereby loosening the cell wall and increasing its extensibility without directly hydrolyz-
ing its components [131]. This process is further regulated by hormonal signaling, with 
GAMYB transcription factors mediating GA signaling and contributing to the regulation 
of seed germination [94,119]. More broadly, cell wall remodeling alters wall mechanics 
to accommodate plant cell growth [132]. These mechanical changes are coordinated with 
the cytoskeleton, as ROP-interacting ICR proteins regulate microtubule dynamics and 
contribute to cell wall patterning during plant development [133,134].

Hormonal signaling also plays a central role in seed germination, with GA promoting 
germination and cell wall loosening, whereas ABA inhibits germination [78]. In parallel, 
ROS contribute to redox signaling during seed germination and stress priming, modulating 
responses to environmental stress [83]. ROS are also involved in seed hydration, radicle 
elongation, and the weakening of the endosperm and cell wall [13]. Under stress conditions, 
limitations in water uptake can consequently reduce germination, radicle growth, and 
seedling vigor, highlighting the sensitivity of this stage to environmental constraints [3].

6.2. Cytoskeleton Dynamics
The cytoskeleton plays a pivotal role in coordinating the cellular and subcellular processes 

required for radicle emergence, acting as a dynamic structural framework that regulates cell 
expansion, polarity, and intracellular organization. During germination and development, 
extensive reorganization of cytoskeletal components, particularly microtubules and actin fila-
ments, contributes to the spatial and temporal regulation of cell growth [135,136]. At the same 
time, embryo cell expansion and cell wall remodeling contribute to radicle protrusion, while 
surrounding seed tissues provide mechanical constraints [131]. As germination progresses, 
microtubule arrays undergo continuous reorganization to accommodate changes in growth 
patterns, supporting the coordinated elongation required for radicle protrusion.

These growth processes are accompanied by dynamic intracellular trafficking. PVC/MVB 
fusion contributes to the organization of plant endomembrane compartments, supporting 
membrane expansion and protein trafficking [137]. More broadly, intracellular transport sup-
plies growing cells with components required for membrane and cell wall remodeling. Actin 
dynamics also contribute to the establishment and maintenance of cell polarity, supporting 
directional cell growth. The organization and activity of both microtubules and actin filaments 
are regulated by signaling pathways involving hormones and ROP GTPases, which act as 
molecular switches connecting signaling with cytoskeletal organization, cell growth, and stress 
responses [136,138].

In parallel with these cytoskeletal and trafficking processes, redox signaling contributes 
to the regulation of seed germination. ROS and NO interact with phytohormonal pathways 
and influence cellular processes, including cell wall remodeling [139]. Environmental 
and hormonal signals further regulate ROS homeostasis during germination, while ROS 
contribute to cell wall weakening and radicle elongation [13]. These processes ultimately 
interact with the mechanical properties of emerging seedlings, as cell wall remodeling 
and hormonal regulation contribute to growth under mechanical constraints [140]. Thus, 
coordinated regulation of the cytoskeleton, intracellular trafficking, redox signaling, and 
cell wall dynamics contributes to successful germination and early seedling establishment, 
particularly under challenging environmental conditions.

6.3. Significance for Germination Success
The efficiency of radicle emergence is a decisive factor in determining the overall success 

of germination and subsequent seedling establishment, as it directly influences the rate and 
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uniformity with which seedlings emerge and begin growth. Rapid and synchronized radicle 
protrusion enables seedlings to establish functional root systems early, which is essential for 
efficient water and nutrient uptake, particularly under field conditions where competition 
and environmental variability are significant [33]. This early establishment confers a strong 
advantage in terms of seedling vigor, allowing plants to maintain steady growth and better 
withstand abiotic stresses. In addition, the ability of the radicle to penetrate the surrounding 
soil matrix is critical for anchorage and access to belowground resources, a process that 
depends on both sufficient mechanical force generated by turgor pressure and effective 
weakening of surrounding tissues through coordinated cell wall remodeling [133].

Conversely, any disruption in the tightly regulated processes underlying radicle emer-
gence can have profound consequences for seedling performance. Environmental stresses 
such as drought, salinity, and extreme temperatures can impair water uptake, alter hormonal 
balance, and disrupt metabolic and redox homeostasis, thereby delaying or inhibiting radi-
cle protrusion [13]. Similarly, poor seed quality, often associated with ageing or oxidative 
damage, can compromise membrane integrity, enzyme activity, and energy metabolism, 
further reducing the efficiency of germination [29,41]. Such delays not only affect the timing 
of emergence but also lead to reduced uniformity within plant populations, ultimately 
impacting crop productivity. As a result, radicle emergence represents a critical bottleneck 
in the seed-to-seedling transition, where the integration of physiological, biochemical, and 
mechanical processes determines the likelihood of successful establishment. Understanding 
and improving the mechanisms governing this stage therefore constitute an important target 
for enhancing crop performance and resilience under increasingly variable environmental 
conditions [2,19].

7. Stress Physiology During Seed–Seedling Transition
The seed-to-seedling transition is one of the most vulnerable and precisely regulated 

phases of the plant life cycle. This transition can be severely disrupted by environmental 
stressors, resulting in reduced germination efficiency and seedling growth. Recent studies 
have revealed that stress responses during this stage are maintained by complex regulatory 
networks involving redox homeostasis, ROS, epigenetic regulation, and phytohormone 
interactions [13,141]. Within these regulatory networks, transcription factors such as Zm-
MYB71, ZmMYB4, and ZmGNAT16 contribute to the regulation of starch biosynthesis 
and kernel starch content in maize [95,142]. In addition, stress memory and metabolic 
reprogramming can enhance seed resilience to adverse environmental conditions [2]. In 
both natural and agricultural contexts, seeds often encounter unfavorable environments, 
including water scarcity, high salinity, limited oxygen availability due to waterlogging, 
and temperature fluctuations. These stresses can delay or inhibit seed germination, im-
pair reserve mobilization, and reduce seedling vigor [143]. Therefore, understanding the 
physiological and molecular mechanisms underlying stress responses during this transition 
stage is essential to improve crop quality. Recent research has identified a systems-level 
approach, showing that germination is regulated by dynamic interactions among ROS 
signaling, hormonal networks, metabolic pathways, and transcriptional regulation [144]. 
This section highlights the current understanding of stress physiology during the seed-
to-seedling transition, along with new concepts and strategies to enhance crop resilience 
during changing climatic conditions.

7.1. Abiotic Stresses During Transition
Heat stress can disrupt water uptake, enzyme activity, and energy metabolism during 

germination, leading to poor or uneven seedling emergence. It also alters hormonal and 
redox homeostasis, including ABA and GA signaling [145] (Figure 2). In addition to 
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these effects, environmental stresses can influence lipid droplet metabolism and autophagy, 
which contribute to cellular homeostasis and stress adaptation [66]. Seed protection under 
stress is also supported by small heat shock proteins, whose expression is regulated by 
developmental and stress-related signals and which contribute to desiccation tolerance [146]. 
At the same time, seed oil reserves, mainly stored as TAG, provide an important energy 
source for germination and seedling development, while their accumulation is regulated by 
interacting transcription factors in response to developmental and environmental cues [142] 
(Figure 2).

Figure 2. Hormonal Redox Regulatory network during seed germination under abiotic stress.

Under waterlogging conditions, hypoxia can alter metabolic and developmental 
processes and promote adventitious root elongation, contributing to seed germination 
rate/plant adaptation to low-oxygen conditions [147]. Plant species and genotypes differ 
markedly in their ability to tolerate flooding during germination [148]. Rice (Oryza sativa) 
can produce α-amylase under low-oxygen conditions, enabling seeds to break down starch 
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and germinate even when submerged. In contrast, wheat and barley seeds are unable to 
germinate under such conditions [149]. For Ethylene has a key role in the plant adaptation 
to waterlogging. During seedling establishment, waterlogging induces the expression of the 
transcription factor SPEEDY HYPONASTIC GROWTH, which regulates the expression of 
ACC OXIDASE5 and ASC genes, further modulating the biosynthesis of ethylene [150]. This 
stress also induces responses involving ROS-associated proteins and respiratory protection 
mechanisms, including CYP81D8 and AOX1A [127,151].

Oxygen availability plays a critical role during germination, especially under water-
logged conditions. Roots are among the first organs to experience low oxygen stress and 
show distinct responses compared with shoots [128,152,153]. For example, ABA promotes 
starch accumulation and a shift toward storage metabolism during grapevine bud dor-
mancy [154], while salt stress can strongly reduce germination and activate antioxidant 
defense mechanisms in maize [155]. However, drought can further impair seed germina-
tion percentage and vigor by limiting water imbibition and radicle emergence, while in 
seedlings alter physiological processes, reduce growth, and affect survival, with potential 
consequences for crop yield [156]. There are several drought-responsive genes such as 
DREB2 and AQP7, transcription factors [NF-Y (nuclear factor Y), ERF (ethylene responsive 
factor), and NAC (NAM-no apical meristem; ATAF-Arabidopsis transcription activation 
factor; CUC-cup-shaped cotyledon)], aquaporins, LEA, dehydrins, and HSPs, which play 
significant roles in seedling adjustment to stress [157]. On the other hand, nutrient depri-
vation during early seedling establishment arrests normal growth and activates complex 
survival and signalling responses. In starvation conditions, GA can induce ATG8-dependent 
autophagic degradation of DELLA proteins to promote germination and early seedling es-
tablishment [158]. Arabidopsis seedlings can survive severe mineral starvation by arresting 
their development and entering a metabolic quiescent state until more favorable conditions 
become available [159].

ROS can also play an important signaling role during germination, and the concept of 
an “oxidative window” suggests that appropriate ROS levels are required for successful 
germination [13,141]. Under salinity stress, complex crosstalk among ABA, GA, auxin, and 
ethylene regulates seed germination and stress responses, while ABA–ROS interactions 
contribute to ROS homeostasis [144,160].

Beyond these individual stress responses, combined abiotic stresses can alter several 
physiological processes, including respiration, starch metabolism, and nitrogen assimilation, 
thereby slowing or inhibiting the seed-to-seedling transition in maize [161]. Salinity lowers 
osmotic potential and water uptake, while salinity and waterlogging can disrupt nutrient 
balance and impair seedling growth and physiological processes [162] (Table 3). Similarly, 
in Arabidopsis thaliana, osmotic stress is reported to arrest seed germination through ABA-
dependent mechanisms, while ODR1/AtSDR4L limits ABA accumulation and alleviates 
this inhibition [163].
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Table 3. Effects of abiotic stresses, hormonal regulation, and study limitations during the seed-to-seedling transition.

Stress Type Stress Effects on Seed-to-Seedling 
Transition Hormonal Regulation Plant Species Limitations of Studies References

Drought and 
Osmotic Stress

Germination arrest; increased ABA 
accumulation; ABA-dependent stress 

response; impaired germination under 
low water potential

ABA promotes germination arrest through 
ABI3/ABI4/ABI5; ODR1/AtSDR4L provides 

negative feedback by repressing ABA 
biosynthesis; drought/water stress can induce 
NCED3; unfavorable conditions generally shift 

the ABA–GA balance toward ABA

Arabidopsis thaliana;

Limited evidence linking ODR1–ABA 
feedback to crops; osmotic stress 

models may not fully represent field 
drought; GA/ABA dynamics during 
progressive or cyclic drought remain 

insufficiently characterized

[163,164]

Waterlog-
ging/Flooding 

Stress

Hypoxia/anoxia inhibits aerobic 
germination; Ethanol fermentation 

causes acidosis; Severely reduced ATP 
(anaerobic respiration only); Radicle 
protrusion suppressed; Aerenchyma 

formation (PCD-mediated); 
Adventitious root development in 

tolerant species; Anaerobic coleoptile 
elongation in rice

Ethylene accumulates rapidly from ACC; 
Ethylene promotes aerenchyma via PCD; 

Ethylene–auxin crosstalk drives adventitious 
rooting; ABA declines under short-term 

hypoxia; GA decreases, impeding germination; 
JA and NO participate in submergence 

signalling; SUB1A/SNORKEL ERFs control 
rice flooding tolerance

Oryza sativa L. 
(rice); Triticum 

aestivum L. (bread 
wheat); Zea mays L. 

(maize)

Flooding intensity varies widely across 
experiments; Rice anaerobic 
mechanisms (VPS1, TPP7) 

species-specific; ABA–ethylene 
crosstalk at germination poorly 

defined; Field flooding + 
pathogen/soil gas interactions 

unstudied; Ethylene receptor analysis 
restricted to Arabidopsis; Hypoxia vs. 

anoxia responses conflated

[165–169]

Light Defi-
ciency/Dark 

Stress

Etiolation under darkness: elongated 
hypocotyl, closed cotyledons and 
apical hook; etioplasts persist and 

chloroplast development is delayed

COP1/SPA promotes degradation of HY5 in 
darkness; PIF1 with HDA15 represses 

light-responsive and germination-related 
genes. PhyB represses PIF1 to promote 

germination. ERF55/ERF58 repress PIF1/SOM 
and regulate ABA/GA metabolism

Arabidopsis thaliana

PIF1–GA regulation; ABA dynamics 
during prolonged darkness; ERF55/58 

function beyond Arabidopsis; 
photoreceptor interactions 

across species

[170–175]

High 
Light/UV-B 

Stress

UV-B alters seedling growth; 
anthocyanins/flavonoids accumulate 
as protective compounds; high eUV-B 
can reduce chlorophyll and increase 

ROS and lipid peroxidation

UV-B activates UVR8 monomerization and 
COP1-dependent signaling; UVR8/HY5 

regulates photomorphogenic and protective 
responses; ABA and auxin participate in UV-B 

responses, while jasmonate contributes to 
stress signaling

Arabidopsis thaliana; 
Fagopyrum 

esculentum; Panicum 
miliaceum

Seed vs. seedling responses; 
dose-dependent UV-B effects on 

hormones; UVR8 mechanisms beyond 
Arabidopsis; UV-B and drought 

interactions

[176,177]

Nitrate 
Signalling 

during Seed 
Germination

Low parental N reduces wheat seed 
vigor and seedling establishment; low 
N stimulates lateral-root formation and 

N-absorption area

Low N alters IAA, CK, GA3  and JA levels and 
increases N-assimilation enzyme activity. 
Nitrate promotes germination through 

NLP8-mediated ABA catabolism via 
CYP707A2; NO promotes germination 

through ABI5 S-nitrosylation and degradation

Triticum aestivum, 
Arabidopsis thaliana

N sensing during germination, 
interaction between N, ABA and NO, 

dose-dependent N–hormone 
responses; crop N-sensing mechanisms

[178–181]
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Table 3. Cont.

Stress Type Stress Effects on Seed-to-Seedling 
Transition Hormonal Regulation Plant Species Limitations of Studies References

Phosphorus (P) 
Deficiency

Reduced germination under severe P 
deprivation; Reduced primary root 

elongation; Increased root hair density 
for P foraging; Reduced shoot biomass 

and leaf expansion; Impaired ATP 
energy metabolism; Enhanced organic 

acid (malate, citrate) exudation

Low P induces auxin flux for lateral root 
development (TIR1/AFB); CK 

(ARR1/ARR12–RSL4) promotes root hair 
elongation; JA–JAZ–PHR1 regulates 

anthocyanin and root architecture; Ethylene 
promotes root hair via EIN3–RSL4; SL 

stimulates mycorrhizal colonisation for P 
acquisition; TOR integrates P status with 

hormone signalling

Oryza sativa L.; 
Arabidopsis thaliana

Seed phytate buffers early P deficit, 
masking germination effects; P studies 
focus on vegetative, not germination 

stage; Mycorrhizal P uptake at 
germination unstudied under sterile 
conditions; Hormone–P conservation 
across monocots/dicots incomplete; 

Hydroponics inadequately replicates 
field P dynamics

[182–186]

Iron (Fe) 
Deficiency

Fe deficiency causes chlorosis, 
chlorophyll and biomass loss, and ROS 

accumulation; it also alters 
endodermal suberization

Ethylene–EIN3/EIL1 stabilizes FIT and 
supports FRO2/IRT1 expression; Fe deficiency 

reduces endodermal suberization through 
ethylene; ABA and ethylene regulate 

suberin plasticity

Arabidopsis thaliana; 
Hordeum vulgare

Germination-stage Fe regulation; 
Strategy I vs. II responses; Fe–Zn–Mn 
interactions during early development; 

field validation

[187–189]

Salinity Stress 
(e.g.,NaCl)

Salinity reduces seed germination; 
decreases GA-dependent α-amylase 

activity and starch mobilization; 
inhibits barley shoot elongation; 

increases ROS

Salinity reduces bioactive GA and α-amylase 
activity; ethylene stabilizes EIN3/EIL1 and 

promotes ROS-scavenging responses; 
melatonin increases GA and decreases ABA, 

improving germination; BR enhances 
antioxidant capacity

Oryza sativa; 
Arabidopsis thaliana; 

Limonium bicolor; 
Hordeum vulgare

Osmotic vs. ionic effects; crop-specific 
hormonal responses; 

halophyte–glycophyte differences; salt 
priming and combined stresses

[190–195]

Cold/Chilling 
Stress

Chilling delays germination and 
seedling establishment; reduces starch 

degradation and α-amylase activity; 
alters soluble sugars, proline and 

seedling growth

ICE–CBF/DREB1–COR pathway mediates 
cold tolerance; JA activates the 

ICE–CBF/DREB1 cascade; GA promotes 
α-amylase expression, while ABA suppresses 
it; GA/BR priming improves germination and 

antioxidant responses

Arabidopsis thaliana; 
Oryza sativa

Temperature fluctuations; crop-specific 
ICE–CBF–COR regulation; 

germination-stage cold responses; field 
validation of priming effects

[196–200]

Heat/High 
Temperature 

Stress

Supra-optimal temperature reduces 
germination and seedling vigor; heat 
increases ROS, protein carbonylation 

and lipid peroxidation; high 
temperature alters mitochondrial 

structure and respiration

ABA–ABI3/ABI5–DELLA signaling activates 
SOMNUS and inhibits germination; high 

temperature alters ABA/GA/ethylene-related 
pathways; JA–MYC2–JMJC3 promotes HSP 

expression and thermotolerance

Arabidopsis thaliana; 
Lactuca sativa; 

Melanoxylon brauna; 
Solanum 

lycopersicum; 
Triticum aestivum

Genotype-specific temperature 
thresholds; crop-specific 

thermoinhibition mechanisms; 
germination-stage heat responses; 

fluctuating and combined heat stress

[201–205]
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Table 3. Cont.

Stress Type Stress Effects on Seed-to-Seedling 
Transition Hormonal Regulation Plant Species Limitations of Studies References

Heavy Metal 
Stress (Cd, Cu)

Cd/Cu reduce C. pepo seed vigor and 
embryonic-axis growth; impair reserve 
mobilization; Cd reduces SOD activity 

and alters GSH/GST responses; Cd 
inhibits primary root growth

Cd-induced ethylene signaling promotes root 
inhibition via EIN3–XTH33/LSU1; Cd-induced 
NO reduces auxin accumulation and signaling, 

inhibiting root meristem growth

Cucurbita pepo; 
Arabidopsis thaliana

Metal-specific responses; 
germination-stage hormone regulation; 
single vs. combined metal exposure; 

links between redox and 
hormonal signaling

[206–210]

Potassium (K) 
Deficiency

K deficiency reduces plant and 
primary-root growth and alters 

root-hair development; ROS 
accumulation increases under 

K starvation

Ethylene promotes K-starvation responses and 
ROS production; AKT1 regulates PIN1 

degradation and auxin redistribution; CK 
levels decrease and modulate ROS, root hairs 

and HAK5 expression

Arabidopsis thaliana
K deficiency during germination; seed 
K reserves; crop-specific K–hormone 

regulation; field K availability
[211–214]

Zinc (Zn) 
Deficiency

Zn deficiency reduces primary-root 
growth and alters root architecture; Zn 

priming improves germination and 
early seedling vigor

bZIP19/bZIP23 regulate the Zn-deficiency 
response and activate ZIP transporters; Zn 

deficiency also alters Fe, P, K and 
S homeostasis

Arabidopsis thaliana, 
Oryza sativa, Zea 

mays

Zn deficiency during germination; 
Zn–hormone interactions; role of seed 
Zn reserves; crop-specific Zn responses

[215–218]

Combined 
Stress (Drought 

+ Salinity)

Reduced germination and root growth; 
reduced biomass and photosynthesis; 

increased ROS accumulation and 
impaired antioxidant defense under 

combined drought + salinity

Salt stress increased ABA and decreased GA3 ; 
melatonin modulated ABA/GA and promoted 

cotton seed germination

Glycine max; 
Sorghum bicolor; 

Gossypium hirsutum

Combined stress causes stronger 
growth, photosynthetic and oxidative 

effects; responses vary among 
cultivars; mechanisms of stress 

interaction require further study

[219–222]

Seed 
Ageing/Deterio-

ration Stress

Reduced germination and seed vigor; 
increased protein carbonylation; 

impaired translation; degradation of 
long-lived mRNAs; accumulation of 

H2 O2  during ageing

Protein oxidation reduces protein/enzyme 
functionality; ageing impairs translational 
capacity; long-lived mRNA degradation is 

associated with loss of seed vigor; ABA 
reduces H2 O2  accumulation and improves 

ageing resistance

Arabidopsis thaliana; 
Oryza sativa L.

Natural vs. artificial ageing; 
ageing-stage hormone regulation; 

long-lived mRNA stability; ageing and 
subsequent stress tolerance

[223–228]
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7.2. Stress Memory from Seed Transition
Stress memory is the remarkable ability of seeds to retain crucial information about the 

environmental conditions they encountered during their development on the mother plant 
(Figure 3). This memory plays a pivotal role in determining seed dormancy, vigor, and 
stress tolerance during germination [40,229]. Key environmental factors, such as drought, 
temperature variations, and nutrient availability during seed maturation, induce significant 
and enduring biochemical and molecular changes.

Figure 3. Stress Memory Model from seed maturation to seedling establishment.

Epigenetic modifications, particularly DNA methylation and histone modifications, 
are fundamental in encoding this stress memory. Changes in chromatin states effectively 
regulate the expression of stress-responsive genes during the germination process [230,231]. 
For instance, histone demethylases such as REF6 activate germination-related genes by 
removing repressive marks (H3K27me3), thereby firmly linking developmental cues to 
stress adaptation. Several studies report epigenetically mediated effects that persist into 
subsequent generations. In most cases, however, only one or two generations after exposure 
have been examined, and direct exposure of the embryo or of germline precursor cells has 
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not always been excluded. Genuine transgenerational inheritance has been demonstrated 
experimentally in specific systems, but its occurrence, magnitude and stability cannot be 
generalised across stress types or species [230].

7.3. Small-Molecule Signaling During Seed to Seedling Transition and Abiotic Stress Responses
Small signaling molecules, including hydrogen cyanide, hydrogen sulfide and nitric 

oxide, regulate seed germination and early seedling establishment through interactions 
with ROS, phytohormones, and mitochondrial metabolism. HCN is generated as a by-
product of ethylene biosynthesis and through the breakdown of cyanogenic glycosides in 
cyanogenic species, while excess cyanide is detoxified by β-cyanoalanine synthase (β-CAS). 
Beyond its inhibitory effect on cytochrome c oxidase, HCN can promote dormancy release 
by modifying ROS metabolism and cell-wall loosening. A study in walnut and tomato has 
demonstrated that cyanide treatment influences redox signaling and germination-associated 
physiological processes [232]. H2 S is produced mainly through cysteine metabolism in-
volving L-cysteine desulfhydrase (LCD) and DES1. It regulates germination through redox 
signaling and mitochondrial respiratory activity. NO, which can be generated through ni-
trate reductase-associated pathways involving NIA1/NIA2, regulates germination through 
protein S-nitrosylation and interactions with ABA signaling. Albertos et al. [181] demon-
strated that NO-mediated S-nitrosylation of ABI5 at Cys153 promotes its proteasomal 
degradation, alleviating ABA-dependent germination inhibition. These signaling pathways 
also contribute to stress adaptation by modifying antioxidant responses and cellular redox 
homeostasis. In addition, melatonin has been shown to improve seed germination and early 
seedling growth under salinity by reducing oxidative damage and enhancing antioxidant 
defense, as demonstrated in wheat and maize [233,234].

8. Omics and Systems Biology Approaches to Understanding Seed to 
Seedling Establishment

The transition from seed to seedling is a crucial developmental stage that is particularly 
sensitive to environmental stresses. Recent advancements in omics technologies and systems 
biology have significantly enhanced our understanding of the molecular and physiological 
mechanisms that underpin stress adaptation during this transition. High-throughput meth-
ods, including transcriptomics, proteomics, and metabolomics, facilitate comprehensive 
profiling of gene expression, protein dynamics, and metabolic reprogramming in response 
to stress conditions [235]. Additionally, emerging technologies such as single-cell and spa-
tial omics offer unprecedented resolution for identifying cell- and tissue-specific responses 
to these challenges. Furthermore, integrative systems biology frameworks enable the re-
construction of complex metabolic and hormonal networks, paving the way for predictive 
modeling of plant responses to environmental cues [236].

This section elaborates on recent advancements in omics-driven research on seed germina-
tion and early seedling establishment under stress conditions, emphasizing the integration of 
multi-layer datasets and computational modeling approaches. These insights lay the ground-
work for developing stress-resilient crops through precision breeding and seed enhancement 
technologies. While traditional physiological studies have contributed valuable knowledge to 
seed biology, they often fall short in capturing the complexity of molecular interactions. The 
emergence of omics technologies and systems biology approaches has provided a compre-
hensive understanding of stress responses during germination. These methodologies enable 
the integration of molecular, cellular, and physiological data, revealing intricate regulatory 
networks that influence seed performance under stress conditions.
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8.1. Transcriptomics, Proteomics, and Metabolomics Approaches
Transcriptomic analyses, particularly RNA sequencing (RNA-seq), have provided 

valuable insights into the dynamic changes in gene expression that occur during germination 
under stress conditions. Key findings identify genes associated with hormonal signaling 
pathways (including ABA, GA, and ethylene), ROS detoxification and redox regulation, and 
reserve mobilization and energy metabolism. Recent studies have shown that transcriptomic 
profiling can uncover gene regulatory networks and transcription factors, such as those 
from the ABI5, WRKY, and bZIP families, that play crucial roles in modulating stress 
responses [8,125]. Time-resolved transcriptomics further indicates that gene expression is 
highly stage-specific, with distinct transcriptional programs functioning during imbibition, 
the lag phase, and radicle protrusion.

Proteomics complements transcriptomics by providing insights into protein abun-
dance and functional changes. These approaches, together with metabolic profiling, reveal 
coordinated molecular changes during seed development and germination, including alter-
ations in proteins involved in stress responses and reserve metabolism [236]. At the same 
time, ABA metabolism is regulated at both transcriptional and post-transcriptional levels, 
contributing to the control of seed dormancy and germination [33,237].

Integrated omics profiling can reveal coordinated changes in plant stress responses, 
including alterations in redox regulation and carbon metabolism, such as glycolysis and 
the pentose phosphate pathway [238,239]. At a finer cellular resolution, single-cell RNA 
sequencing enables the identification of cell-type-specific gene expression patterns and 
developmental trajectories in response to external stimuli [240,241].

8.2. Single-Cell and Spatial Omics Techniques
Single-cell RNA sequencing (scRNA-seq) has transformed the field of plant biology by 

facilitating the analysis of gene expression at the level of individual cells. During the seed-
to-seedling transition, this technique uncovers cell-type-specific transcriptional programs, 
developmental trajectories of embryonic and meristematic cells, and varied stress responses 
across different tissues. Recent research emphasizes the significance of cellular heterogeneity 
in regulating germination and early growth [242,243].

Advances in computational and machine-learning methods facilitate the analysis and 
interpretation of large, complex genomic and multi-omics datasets, including transcriptomic, 
proteomic, and metabolomic data. These approaches can identify complex patterns and 
relationships within high-dimensional datasets, improving the functional interpretation 
of genomic and molecular data [244]. However, challenges remain, including technical 
limitations imposed by plant cell walls, high computational demands, and a scarcity of 
reference atlases for seeds. Ongoing technological advancements are anticipated to address 
these obstacles.

8.3. Integrative Modeling of Metabolic and Hormonal Networks
Systems biology integrates multi-omics data to develop predictive models of biological 

processes. In the field of seed biology, these models illustrate the interactions among 
various components, including hormonal pathways (ABA, GA, ethylene, and auxin), redox 
systems (ROS and antioxidants), and metabolic networks. Network approaches represent 
biological systems as interconnected nodes and edges, which facilitates the identification 
of key regulatory hubs, the analysis of signaling cascades, and the prediction of system 
behavior under stress. Graph-based and probabilistic models are frequently utilized for 
network reconstruction [245].

Seed priming influences metabolic processes during germination, including starch 
mobilization, antioxidant defense, and ROS-related responses. These changes support the 
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activation of pre-germination metabolism and improve seed germination and seedling 
vigor. Multivariate analyses, including PCA and cluster analysis, further reveal relation-
ships among germination, seedling vigor, growth, and productivity-related traits under 
different growing conditions [246]. These changes support the activation of pre-germination 
metabolism and improve seed germination and seedling vigor. Multivariate analyses, in-
cluding PCA and cluster analysis, further reveal relationships among germination, seedling 
vigor, growth, and productivity-related traits under different growing conditions. Omics 
and systems biology approaches have improved our understanding of molecular and cellu-
lar processes during the seed-to-seedling transition. Transcriptomic, single-cell, and spatial 
approaches reveal dynamic gene expression, cellular heterogeneity, and spatial organiza-
tion during seed development and germination [247]. Hydrothermal-time models provide 
quantitative predictions of germination dynamics by integrating temperature and water po-
tential. Integrating molecular datasets with such mechanistic models could provide a basis 
for developing dynamic, data-driven representations of seed germination and vigor [248].

9. Agricultural and Ecological Implications in Seed to Seedling Transition
Successful transition from seed to seedling requires precise coordination of physiologi-

cal, biochemical, and molecular processes, including water uptake, metabolic activation, 
and cell expansion. Environmental stress frequently disrupts these processes, leading to 
poor germination, delayed emergence, and reduced plant productivity. Abiotic stresses such 
as drought, salinity, extreme temperatures, and flooding are major constraints affecting crop 
establishment worldwide. Climate change is further exacerbating these stresses, increasing 
their frequency and severity. Consequently, improving stress resilience during early plant 
development has become a key objective in modern agriculture and ecological restoration. 
Climate change is intensifying environmental variability, making adaptive mechanisms such 
as hormonal plasticity, redox regulation, and metabolic flexibility increasingly important. 
Integrating physiological insights with modern agronomic and biotechnological approaches 
offers promising avenues for developing resilient cropping systems and sustaining ecosys-
tem stability under changing environmental conditions [249].

From an agricultural perspective, improving seed vigor and early seedling performance 
contributes to enhanced field emergence, better nutrient and water use efficiency, improved 
competitiveness against weeds, and greater yield stability under both optimal and stress 
conditions. In natural and restored ecosystems, successful seedling establishment is equally 
important for vegetation regeneration, species persistence, ecosystem resilience, biodiversity 
conservation, and restoration of degraded landscapes under changing climates.

9.1. Seed Vigor and Crop Establishment
Seed vigor refers to the properties of seeds that determine rapid and uniform germina-

tion, seedling establishment, and growth, particularly under suboptimal environmental 
conditions. Unlike standard germination percentage, seed vigor provides a broader mea-
sure of seed performance because it reflects the capacity of a seed lot to germinate and 
establish healthy seedlings under stressful field conditions, such as increased ROS [1,250]. 
Several key factors influence this vigor, including genetic background, environmental con-
ditions during seed development, maturity at harvest, storage conditions, and the seeds’ 
biochemical composition and metabolic status.

High-vigor seeds are characterized by superior membrane integrity, efficient reserve 
mobilization, and robust antioxidant defense systems. The physiological foundations 
of seed vigor include: (i) membrane stability, which effectively prevents solute leakage 
during imbibition; (ii) mitochondrial activity, enabling rapid ATP production; (iii) enzyme 
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activation, which is critical for mobilizing stored reserves; and (iv) antioxidant defense, 
ensuring protection against oxidative damage [251].

ROS play a crucial dual role, serving as signaling molecules at lower concentrations 
while inducing oxidative damage at higher concentrations [252]. Therefore, maintaining 
ROS homeostasis through efficient antioxidant defense is essential for preserving seed 
viability and vigor [1]. This redox balance is also important for successful seed germination 
and seedling establishment, particularly under stress conditions such as salinity [253]. 
In modern agriculture, high-quality seed is essential for maximizing productivity and 
resource-use efficiency. Furthermore, in natural ecosystems, seed vigor significantly shapes 
species distribution, population dynamics, and overall ecosystem resilience. Seeds with 
higher vigor are more likely to thrive under fluctuating environmental conditions, making 
a substantial contribution to biodiversity and ecological stability.

9.2. Enhance Climate Change Resilience Strategies
Climate change is transforming environmental conditions, significantly impacting seed 

germination and seedling establishment. Factors such as increased temperature variability, 
irregular rainfall, and soil salinity present considerable challenges to plant development. 
These stress conditions disrupt essential processes, including water uptake and imbibition, 
hormonal balance (particularly ABA–GA signaling), and metabolic activation [141].

Plants have evolved various mechanisms to cope with abiotic stress during early devel-
opment, including: (i) hormonal regulation, where ABA enhances stress tolerance while 
GA facilitates germination; (ii) redox homeostasis, which helps maintain ROS at optimal 
levels; (iii) metabolic flexibility, allowing adjustments in energy pathways; and (iv) gene 
regulation, which activates stress-responsive pathways. Together, these mechanisms con-
tribute to plant resilience under changing environmental conditions [95,141]. Strategies to 
enhance crop resilience include breeding stress-tolerant varieties, improving seed quality 
and vigor, and adopting climate-smart agricultural practices can help significantly. The 
integration of physiological and molecular approaches is crucial for developing resilient 
cropping systems. Climate change also affects the timing and success of seed germination, 
influencing species distribution and ecosystem dynamics. Adaptive responses at the seed 
stage are vital for maintaining biodiversity and ecosystem resilience.

9.3. Seed Priming and Biostimulants for Triggering Germination and Enhancing Growth
Seed priming is a pre-sowing treatment that partially hydrates seeds, activating 

metabolic processes without triggering germination. Primed seeds demonstrate faster 
germination, improved uniformity, and enhanced stress tolerance. This process induces 
biochemical changes, including the activation of antioxidant systems, accumulation of osmo-
protectants, and repair of cellular damage [253,254]. In addition, priming may create stress 
memory through epigenetic mechanisms, including DNA methylation, histone modifica-
tions, chromatin remodeling, and transcriptional reprogramming, allowing improved stress 
responses later in development or even in subsequent generations [255]. Several priming 
agents are available, which are categorized based on their nature, such as hydropriming, 
osmopriming, solid matrix priming, nanopriming, biopriming, priming with plant biostim-
ulants, etc. [254,256,257]. Each method promotes specific physiological responses and, in 
some cases, improves stress resilience. Hydropriming is the cheapest priming technique 
for seed priming, soaking the seeds in water, followed by seed dehydration, and then im-
bibing again. This technique allows water to enter the seed in an uncontrolled way and 
can trigger an oxidative burst that damages the seed and may impair germination or cause 
the radicle to emerge too early. However, with the optimized treatment, the seed not only 
germinates but also triggers responses against a wide range of abiotic stresses [258]. An 
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alternative to hydropriming is osmopriming, which uses low-water-potential solutions such 
as polyethylene glycol (PEG 6000–8000) to slow seed water uptake, reducing the risk of 
the oxidative burst commonly associated with hydropriming [259]. Solid matrix priming 
(SMP) offers a cost-effective alternative to osmopriming that requires smaller amounts of 
priming solution. Seeds are mixed with a moistened organic or inorganic solid matrix set 
to a target water potential. A further advantage is that SMP can be combined with other 
priming methods [260]. On the other hand, nanopriming is an emerging seed technology 
that can enhance germination, seedling vigor, osmolyte accumulation, and antioxidant 
activity. In tomato, ZnO nanopriming improved early seedling establishment, increased 
antioxidant enzyme activity, and reduced oxidative damage [257]. Nanopriming uses 
chemicals such as Zn oxide nanoparticles, Cu oxide nanoparticles, Iron oxide nanoparticles, 
etc., which may improve water uptake, aquaporin expression, antioxidant responses, starch 
hydrolysis, and early seedling growth, although concerns remain regarding nanoparticle 
toxicity, concentration dependency, and environmental safety [261]. These approaches 
show promise, but their effectiveness depends strongly on species, genotype, treatment 
duration, concentration, stress type, and field conditions. A recent study reported that 
nanopriming with ZnO nanoparticles increased seed vigour, photosynthetic performance 
and antioxidant activity in tomato [257]. Biopriming, in which seeds are treated with 
beneficial microbes such as Bacillus, Enterobacter, Pseudomonas, and Trichoderma species, is 
increasingly used to support sustainable crop production. It improves germination rate 
and uniformity to a similar degree as other priming methods. The microbes colonize the 
rhizosphere, enhance metabolic activity, and increase nutrient solubility and availability 
during early germination. Its greatest advantage is protecting seeds and seedlings against 
soil- and seed-borne pathogens and against abiotic stresses [262]. Biostimulant-based seed 
priming is also a promising strategy for improving germination and seedling vigour under 
both optimal and stress conditions. Seaweed extracts, especially from Ascophyllum nodosum, 
are well suited to this because they are rich in unique polysaccharides, amino acids, and 
minerals. As foliar sprays, they are also known to improve osmotic adjustment, antioxidant 
capacity, and water-use efficiency, which helps sustain yields under drought, salinity, and 
heat stress [263]. That advantage of biopriming also comes for the secreted metabolites of 
the microorganism that was used for the seed priming, such auxins, gibberellins, saponins, 
and other biocontrol molecules.

Both seed priming and biostimulants provide sustainable, eco-friendly solutions that 
enhance crop establishment under stress and reduce reliance on chemical inputs. These 
technologies hold particular significance in regions vulnerable to climate change. The 
transition from seed to seedling is a crucial phase that determines plant establishment and 
productivity. Factors such as seed vigor, mechanisms of climate resilience, and technological 
interventions, such as priming and biostimulants, collectively influence survival under 
abiotic stress. Future research should prioritize integrating physiological and molecular 
insights, developing robust seed technologies, and enhancing climate resilience in crops. 
Advances in seed biology will play a vital role in ensuring food security and ecosystem 
sustainability in the face of changing environmental conditions.

10. Knowledge Gaps and Future Perspectives
The seed-to-seedling development is one of the most vulnerable stages in the plant 

life cycle, during which environmental conditions play a crucial role in determining es-
tablishment success and long-term plant performance. During this period, seeds undergo 
rapid physiological and biochemical transformations, including water uptake, metabolic 
reactivation, and cellular expansion, all of which are highly sensitive to abiotic stresses 
like drought, salinity, and extreme temperatures [16,251]. Although significant progress 

https://doi.org/10.3390/stresses6040088

https://doi.org/10.3390/stresses6040088


Stresses 2026, 6, 88 34 of 48

has been made in understanding the molecular and physiological mechanisms that drive 
these processes, a comprehensive grasp of how plants integrate multiple stress signals 
to coordinate germination and early growth remains elusive. Notably, the complexity of 
signaling networks, the variety of responses across species, and the challenge of translating 
laboratory findings into practical agricultural applications underscore critical gaps in cur-
rent knowledge. This section focuses on three key areas that warrant further exploration: 
unresolved signaling hierarchies, the interaction between conserved and species-specific 
mechanisms, and translational opportunities for crop enhancement. Future research should 
prioritize the integration of multi-omics approaches, including genomics, transcriptomics, 
proteomics, metabolomics, epigenomics, and phenomics, with advanced computational 
tools to construct comprehensive regulatory networks governing the seed-to-seedling tran-
sition under diverse environmental conditions. Emerging technologies such as single-cell 
and spatial omics, high-resolution live-cell imaging, artificial intelligence (AI)-assisted 
phenotyping, genome editing, and digital agriculture offer unprecedented opportunities to 
identify key regulatory hubs and predict stress-adaptive responses with greater precision. 
Equally important is the investigation of seed microbiome interactions, transgenerational 
stress memory, epigenetic inheritance, and the crosstalk between ROS, phytohormones, 
calcium signaling, and energy metabolism during early plant development. Furthermore, 
future studies should place greater emphasis on evaluating combined and sequential abiotic 
stresses under realistic field conditions, as plants in agricultural ecosystems rarely encounter 
a single stress in isolation. Bridging the gap between controlled-environment studies and 
field-scale applications through interdisciplinary collaborations among plant physiologists, 
molecular biologists, breeders, agronomists, and computational scientists will be essential 
for translating fundamental discoveries into climate-resilient crop improvement strategies. 
Such integrative efforts will accelerate the development of resilient crop varieties capable 
of maintaining high germination efficiency, vigorous seedling establishment, and stable 
productivity in the face of global climate change and increasing food security challenges.

10.1. Unresolved Signaling Hierarchies
Despite growing evidence for the roles of protective proteins, metabolic processes, 

and transcriptional regulation during seed germination and early development, the hi-
erarchical relationships connecting these regulatory levels remain insufficiently under-
stood [46,95,264]. Seed priming, for example, induces interconnected biochemical, physio-
logical, molecular, and subcellular changes that contribute to stress tolerance [253]. How-
ever, understanding how these responses are coordinated across different tissues, time 
points, and biological scales remains challenging. Recent single-cell and spatial omics 
approaches have revealed cell-type-specific responses and tissue-level heterogeneity, pro-
viding new insights into the spatial organization of stress responses [240,241]. Nevertheless, 
integrating these multidimensional data into coherent regulatory networks remains difficult. 
The presence of extensive feedback loops further complicates the identification of causal 
relationships, highlighting the need for systems-level approaches to reconstruct dynamic 
signaling networks.

10.2. Species-Specific vs. Conserved Mechanisms
A key question is how conserved regulatory mechanisms interact with species- and 

genotype-specific adaptations during seed development and stress responses. Core tran-
scriptional and hormonal networks respond to developmental and environmental cues 
across plant species, but their regulation and contribution to stress tolerance can vary 
among species and genotypes [142,145]. For example, sorghum genotypes exposed to 
drought exhibit distinct physiological, transcriptional, and metabolic responses, highlight-
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ing genotype-specific strategies of stress adaptation [265]. Similar differences are observed 
across plant groups, as model organisms such as Arabidopsis thaliana may not fully capture 
adaptations that have evolved in specialized plants such as halophytes [266]. Halophytes 
employ distinct mechanisms of salinity tolerance, including ion sequestration, K+  retention, 
and osmotic adjustment [267].

Moreover, species-specific differences extend beyond plant-intrinsic mechanisms to the 
seed microbiome, whose composition and functions can influence germination, seedling es-
tablishment, and stress tolerance [268]. Thus, distinguishing conserved regulatory modules 
from species-specific adaptations remains essential for understanding how plants respond 
to diverse environmental conditions.

10.3. Translational Opportunities in Crop Improvement
Translating fundamental insights into practical applications is a vital step toward 

enhancing crop resilience and productivity. Recent advancements in omics technologies, 
gene editing, and computational modeling offer robust tools for identifying critical reg-
ulators of seed vigor and stress tolerance, as well as for devising targeted strategies for 
crop improvement. Multi-omics approaches facilitate the identification of candidate genes, 
proteins, and metabolites associated with stress resilience, which can be utilized in marker-
assisted selection and genomic breeding programs [253]. Furthermore, CRISPR/Cas-based 
genome editing holds the potential to precisely modify genes involved in hormonal and 
redox signaling, thereby improving germination and early seedling performance under 
adverse conditions [269]. Machine learning and predictive modeling also provide powerful 
tools for analyzing complex agricultural datasets and forecasting crop performance un-
der diverse environmental conditions, supporting data-driven precision agriculture [270]. 
Seed enhancement technologies, including priming, nanopriming, and biostimulant-based 
treatments, offer practical approaches for improving germination, seedling growth, and 
stress tolerance under adverse conditions [262,271]. However, challenges remain in scaling 
these technologies from laboratory to field conditions, ensuring consistent responses across 
environments, and evaluating their long-term ecological and safety implications [260,272]. 
Ultimately, translating fundamental research into agricultural practice requires integration 
across plant physiology, molecular biology, breeding, agronomy, and data science.

11. Conclusions and Future Directions
The transition from seed to seedling represents a critical stage in the plant life cycle, 

where successful establishment depends on the ability to withstand and adapt to various 
abiotic stresses. This phase involves complex physiological, biochemical, and molecular 
processes that allow seeds to move from a dormant state to active growth, often under 
unpredictable environmental conditions. As discussed throughout this review, successful 
establishment is not governed by a single mechanism but by a highly coordinated network 
that includes redox regulation, hormonal interactions, metabolic reprogramming, and stress 
tolerance memory acquired during seed maturation.

Biochemical and physiological adaptability emerges as a central theme in stress re-
silience. The ability to dynamically manage ROS and maintain a balance between hormones, 
especially ABA and GA, which adjust metabolic pathways, ensures that seeds can fine-tune 
their responses to environmental cues. Moreover, incorporating stress tolerance memory 
mechanisms offers a predictive advantage, enabling seeds to respond more effectively to 
recurring stressors. These adaptive responses can be further enhanced by technological 
interventions such as seed priming and biostimulants, which enhance intrinsic resilience 
and improve germination performance under adverse conditions.
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Despite significant advancements, important knowledge gaps still exist in stage-
dependent studies, particularly in understanding the hierarchical organization of signal-
ing networks, the interactions between conserved and species-specific responses, and the 
application of laboratory findings in field settings. Addressing these challenges will re-
quire integrating advanced omics approaches, systems biology, and precision agriculture 
strategies. Future research should focus on identifying key regulatory hubs, clarifying the 
spatiotemporal dynamics of stress responses, and developing predictive models that link 
molecular mechanisms to agronomic outcomes. Also, drought remains a critical bottle-
neck during the seed-to-seedling stage, as water deficit impairs imbibition and disrupts 
essential germination mechanisms, leading to reduced nutrient uptake and grain yield 
losses. Future research should focus on developing drought-resilient seed priming strate-
gies and identifying key genetic regulators that sustain germination under water-limited 
conditions. Integrating genomics, climate-adaptive breeding and precision irrigation holds 
strong promise for enhancing seedling establishment and securing stable grain production 
in drought-prone environments.

Ultimately, improving our understanding of the seed-to-seedling transition under 
abiotic stress is crucial to ensuring crop productivity, food security, and ecosystem stability 
amid global climate change. By harnessing the inherent adaptability of seeds through 
the integration of fundamental plant biology, innovative breeding technologies, precision 
agriculture, and sustainable management practices, this approach will pave the way toward 
the development of next-generation crops capable of maintaining robust establishment, 
high productivity, and environmental resilience in an increasingly unpredictable world. 
Harnessing the inherent adaptive capacity of seeds through the integration of fundamental 
plant biology, innovative breeding technologies, precision agriculture, and sustainable 
management practices will be helpful in yield improvement of crops.

12. Literature Search Strategy and Figure Preparation
This article is a narrative critical review. We searched PubMed, Web of Science, Scopus, 

ScienceDirect, Google Scholar, and Crossref. Most searches covered publications from January 
1990 to 2026, with an emphasis on 2010–2026. Boolean search strings combined seed devel-
opmental terms (“seed germination” or “seedling establishment” or imbibition or “radicle 
protrusion”) with environmental stress-related terms (drought or salinity or “low water po-
tential” or “heat stress” or chilling or waterlogging or hypoxia or “nutrient deficiency” or light 
or high temperature) and physiological, biochemical, and molecular regulatory terms (hor-
mone* or ABA or gibberellin* or ROS or “reactive oxygen species” or “reserve mobilization” 
or priming or omics or cyanide or “hydrogen cyanide” or HCN or “alternative oxidase” or 
AOX or “hydrogen sulfide” or H2S or “nitric oxide” or “reactive nitrogen species” or RNS or 
melatonin or polyamine*). Searches were conducted using combinations of these term groups, 
with developmental terms paired with either stress-related or regulatory terms, or with both, 
as appropriate to the topic. Database-specific syntax and search-field restrictions were applied 
where necessary. Only peer-reviewed publications in English were considered. Preference was 
given to studies providing mechanistic insights supported by physiological, biochemical, and 
molecular evidence. Emphasis was placed on integrating findings from both model plants 
and crop species to ensure broader applicability.

Figures included in this review were created and assembled using Microsoft Power-
Point, BioRender, and R statistical software (version 4.4.3). BioRender was primarily used 
for schematic and conceptual illustrations, while R was employed for data visualization 
and graphical representation where applicable. PowerPoint was used for figure layout, 
annotation, and final formatting to ensure clarity and consistency across visual elements.
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