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ABSTRACT: Seed longevity refers to the ability of a seed to preserve viability and vigor
throughout storage. However, early loss of quality during storage is still frequently observed in
soybean seed lots, constituting one of the main challenges of the production chain in tropical
environments. This review details longevity as a property with a strong intrinsic influence and
not determined exclusively by storage conditions. The intrinsic factors associated with longevity
and the processes by which this attribute is progressively established throughout development
are discussed, based on the interaction between genotype, environment and management. The
review redefines the concept of maximum physiological quality associated with the point of
physiological maturity and repositions late maturation as a physiologically active phase, marked
by metabolic, structural and molecular adjustments related to the acquisition of longevity of
soybean seeds. Additionally, it is proposed to update the reproductive scale of soybean for seed
production, integrating the sequential order of acquisition of physiological quality attributes.
This review offers an integrated interpretation for the variability observed among soybean seed
lots, contributing to the improvement of field management and to greater predictability of seed
performance during storage.

Index terms: desiccation, management, physiological quality, quality acquisition, vigor.

RESUMO: A longevidade de sementes consiste na capacidade desta em preservar a viabilidade
e vigor ao longo do armazenamento. Todavia, a perda precoce da qualidade durante o
armazenamento ainda é frequentemente observada em lotes de sementes de soja, constituindo
um dos principais desafios da cadeia produtiva em ambientes tropicais. Esta revisdo detalha
a longevidade como uma propriedade com forte influéncia intrinseca e ndo determinada
exclusivamente pelas condi¢cdes de armazenamento. Sdo discutidos os fatores intrinsecos
associados a longevidade e os processos pelos quais esse atributo é progressivamente instalado
ao longo do desenvolvimento, a partir da interagdo entre gendtipo, ambiente e manejo. A
revisdo redefine o conceito de maxima qualidade fisiolégica associado ao ponto de maturidade
fisiolégica e reposiciona a maturagdo tardia como uma fase fisiologicamente ativa, marcada
por ajustes metabdlicos, estruturais e moleculares relacionados a aquisicdo da longevidade de
sementes de soja. Adicionalmente, propGe-se uma atualiza¢do da escala reprodutiva da soja
voltada a produgdo de sementes, integrando a ordem sequencial de aquisicdo dos atributos
fisioldgicos da qualidade. Esta revisdao oferece uma interpretagdo integrada para a variabilidade
observada entre lotes de sementes de soja, contribuindo para o aprimoramento do manejo a
campo e maior previsibilidade do desempenho das sementes durante o armazenamento.

Termos para indexagao: dessecagdo, manejo, qualidade fisiolégica, aquisicdao de qualidade, vigor.
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INTRODUCTION

Soybean (Glycine max (L.) Merr.) is one of the main agricultural crops on a global scale, with high production
and participation in international trade (USDA, 2025), due to its high nutritional value, wide industrial versatility, and
significant yield gains in recent decades (Peng et al., 2026). In parallel with the quantitative expansion of the crop, the
challenges associated with the production of seeds with high and stable quality have intensified, especially under the
environmental conditions prevailing in tropical regions (Bita and Gerats, 2013; Nakagawa et al., 2020). In Brazil, the
combination of climate instability, intensification of production systems, expansion of the cultivated area and greater
logistical complexity imposes increasingly stringent conditions on the production of seeds with consistent performance
throughout storage, transport and distribution (ABRASEM, 2025).

The seed production chain has played a fundamental role in increasing the yield and sustainability of the production
system, especially through the production of high-quality material and the diffusion and adoption of technologies
throughout the different links of the sector, accompanied by continuous advances in quality control, technical training
and technological innovation. However, even in the face of these advances, unexpected quality losses during storage
are still frequently observed, even under ideal storage conditions (Walters et al., 2026), posing a relevant economic
challenge for the industry (Walters et al., 2010). In this context, a central question arises: why do some soybean seed
lots maintain viability for long periods, while others, apparently equivalent in terms of germination and initial vigor,
lose quality quickly and unpredictably during storage?

The physiological quality of orthodox seeds, those that tolerate desiccation and storage under low levels of water
and temperature (Matilla, 2021) such as soybean, is a multifaceted attribute, traditionally defined by the integration
between germination and vigor, but which also includes characteristics such as desiccation tolerance (DT) and longevity
(Smolikova et al., 2020; Nadarajan et al., 2023). In orthodox seeds, longevity is a key component of quality, as it
conditions the ability of the lot to maintain viability and vigor over time, reducing losses during storage and increasing
the predictability of performance in the field (Sano et al., 2016; Basso et al., 2018).

Not limited to post-harvest conservation, longevity should be understood as an attribute built throughout seed
development (Lima et al., 2017), still in the field and resulting from the interaction of intrinsic factors, such as genetic
characteristics, stage of maturation, and formation environment (Leprince et al., 2017; Zinsmeister et al., 2020), as well
as extrinsic factors, related to the storage environment and pest and pathogen infestations (Schwember and Bradford,
2010; Ramtekey et al., 2022).

Under tropical conditions, such as in the Brazilian scenario, in which soybean seed production occurs mostly under
highly variable and often challenging environments, understanding the physiological mechanisms associated with the
acquisition of longevity takes on even greater relevance. How to promote longer-lived seed lots, capable of preserving
physiological quality throughout storage, and thus ensuring efficiency, regularity and sustainability in the soybean seed
production chain?

In this context, this review aims to synthesize and discuss scientific advances related to the physiology of soybean seed
maturation, with emphasis on the processes and management related to longevity acquisition. By integrating classical
and contemporary evidence, including recent contributions from research conducted in a tropical environment (Brazil),
this study seeks to expand and update the understanding of late maturation in soybean seeds, providing conceptual
bases for more precise management strategies, quality assessment and genetic improvement aimed at seed quality.

PHYSIOLOGICAL QUALITY OF SEEDS: EXPRESSION OF VITAL FUNCTIONS GOES BEYOND
GERMINATION AND VIGOR

Seed quality results from the interaction between genetic, physical, sanitary and physiological factors (Marcos-
Filho, 2015). Among these, the physiological component stands out for sustaining the vital processes necessary for
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germination, survival during storage and establishment of the crop under different environmental conditions (Finch-
Savage and Bassel, 2016).

In orthodox seeds, such as those of soybean, physiological quality is expressed by four attributes that actin anintegrated
manner to ensure crop success: (i) germination, which consists of the resumption of metabolism and development of the
embryonic axis, evidenced by the protrusion of the radicle (Meyer et al., 2007; Yu et al., 2015); (ii) desiccation tolerance
(DT), defined as the ability to dehydrate and rehydrate without irreversible physiological damage (Hoekstra et al., 2001;
Leprince and Buitink, 2010); (iii) vigor, which encompasses properties that allow the seed to germinate quickly and
originate vigorous seedlings under a wide range of environmental conditions (Carvalho and Nakagawa, 2012); and (iv)
longevity, which corresponds to the ability to maintain viability in the dry state for a certain period (Sano et al., 2016),
constituting an adaptive mechanism that enables seed dispersal over time (Leprince et al., 2017).

The maximum potential of physiological quality of a seed lot is defined in the field, during its formation (Marcos-
Filho, 2015). However, the final quality, manifested in its use during field emergence, will depend on the fraction of this
potential that was effectively preserved over the storage time (Walters et al., 2010). With regard to storage, the entire
period in which the seed remains in a quiescent state must be considered, from harvest to sowing. In this physiological
state, no matter how drastically the metabolism is reduced, it is not yet completely stopped, which keeps the seeds
vulnerable to deterioration (Bewley et al., 2013; Leprince et al., 2017).

Deterioration is an irreversible and inevitable process, caused by degenerative reactions that weaken seedling
development and progressively lead to loss of germination capacity until seed death (Ellis and Roberts, 1980). In Brazil,
the main challenges affecting seed quality are related to the typical conditions of tropical and subtropical environments,
characterized by high temperatures and high relative humidity, which impose difficulties on seed development and
maturation (Araujo et al., 2019; Krzyzanowski et al., 2022). These same factors can intensify quality losses during
storage and along the distribution chain, being aggravated by pre-harvest rainfall events (Fran¢a-Neto et al., 2016),
mechanical damage resulting from inadequate management (Franca-Neto et al., 2016), improper storage conditions,
and pest attacks (Nadarajan et al., 2023; Corbineau, 2024).

In order to control the adverse effects of deterioration and prolong survival in the dry state, seeds develop protection,
defense, and repair mechanisms that are built during their development as a result of an interaction between genetic,
environmental, and management factors (Valario, 2016; Lima et al., 2017; Cardoso et al., 2024) that determine their
intrinsic longevity potential. Seeds with greater intrinsic longevity potential have greater physiological and biochemical
stability, becoming more resistant to the negative effects of external factors (Health et al., 2026; Pirredda et al., 2023;
Waterworth et al., 2024).

Longevity, therefore, is a complex characteristic, resulting from the interaction between two factors: (i) the intrinsic
potential for longevity (explored in this review) and (ii) the intensity of extrinsic factors associated with deterioration,
manifested both during the permanence in the field and during storage, which modulate the rate of loss of physiological
quality (Figure 1).

In view of the challenges of producing and maintaining high-quality soybean seeds present mainly in the Brazilian
scenario, understanding and exploring the intrinsic potential for longevity becomes even more relevant to ensure
viability and vigor over time.

J. Seed Sci., v.48, 202648017, 2026



4 C.P. Cardoso et al.

Figure 1. Main factors involved in soybean (Glycine max (L.) Merr.) seed longevity. The diagram illustrates longevity as a
result of the interaction between a set of factors: during development and maturation, intrinsic factors related
to genotype, chemical composition, structural organization, and metabolic regulation establish the initial
longevity potential of seeds (acquisition). After maturity, associated factors such as harvesting, processing,
transportation and storage conditions modulate the speed of deterioration, influencing the maintenance
of this potential over time. Processes such as accumulation of reactive oxygen species, lipid peroxidation,
and loss of membrane integrity are involved in seed deterioration. The bottom row indicates the transition
between acquisition and maintenance, highlighting the milestones of maximum dry weight accumulation
(MDW) and harvest maturity (HM).

INTRINSIC FACTORS THAT PROMOTE THE LONGEVITY OF SOYBEAN SEEDS

Desiccation tolerance as a prerequisite for longevity

First, for the seed to survive over time in the dry state, it must be able to tolerate this condition. The presence
of water is essential to maintain proteins, nucleic acids, and functional membranes, so their removal can be fatal for
seeds still intolerant to desiccation. DT is, therefore, the attribute that gives orthodox seeds the ability to survive after
partial or almost total removal of cellular water and subsequent rehydration without irreversible damage (Leprince
and Buitink, 2010; Dekkers et al., 2015). Although DT and seed longevity are associated, they are distinct attributes:
tolerating desiccation does not guarantee the maintenance of viability during storage (Leprince et al., 2017).

To this end, seeds depend on a set of structural, physiological and biochemical properties, promoted by intrinsic
protection, defense and repair mechanisms, which in an integrated manner confer the ability to preserve their integrity
and resist storage over time (Walters et al., 2010).
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Structure and physical stability of the cytoplasm in the glassy state

In the final phase of soybean seed development, with the advancement of dehydration, there is a progressive
increase in cell viscosity until the fluid cytoplasm reaches the glassy state, characteristic of completely dry seed (Buitink
and Leprince, 2008). This state is decisive for imposing severe restrictions on molecular mobility and deterioration
reactions, in addition to stabilizing cellular structures and interactions between organelles (Leopold et al., 1994; Buitink
and Leprince, 2004; Ballesteros and Walters, 2011; Walters, 2015).

The structure and stability of the glassy state are crucial factors to preserve the longevity of seeds (Buitink and
Leprince, 2004), because, even if solidified, the cytoplasm forms a viscoelastic matrix that maintains the cell structure
but that reorganizes itself slowly over time, affecting the speed of aging reactions, such as fermentation, glycation,
oxidation and peroxidation, the last-mentioned ones initiated or accelerated by oxygen or free radicals (Bailly et al.,
2001; Kranner et al., 2006; Colville et al., 2012; Ballesteros and Walters, 2019; Han et al., 2021).

Smallintercellular spaces allow gas diffusion and movement of molecules (Ballesteros and Walters, 2011, Ballesteros
and Walters, 2019; Han et al., 2021); therefore, differences in solid structure can affect biochemical reactivity and,
consequently, aging rates (Ballesteros and Walters, 2019). For example, the shorter longevity of soybean seeds
compared to pea seeds is due to the greater ‘fragility’ of the solidified cytoplasm, which compromises the stability of
the cytoplasm during dry storage (Ballesteros and Walters, 2019).

In association, the maintenance of seed viability in the glassy and dry state is strongly associated with the presence
of protective compounds, such as LEA (Late Embryogenesis Abundant) proteins, sHSP (small Heat Shock Proteins) and
raffinose family oligosaccharides (RFO).

LEA and HSP proteins

LEA and HSP are proteins that accumulate during the late maturation phase of seeds, and their accumulation has
been strongly correlated with increased longevity in several species, such as soybean (Valario, 2016; Lima et al., 2017),
Medicago truncatula (Chatelain et al., 2012) and Arabidopsis thaliana (Hundertmark et al., 2011).

Although thereis consistent evidence, the mechanism of action of LEA proteins in promoting seed longevity is not yet
completely elucidated (Ramtekey et al., 2022). However, several indications, such as the accumulation pattern of some
types of LEA during late maturation, their physicochemical characteristics and the results of in-vitro studies, suggest
that these proteins play a relevant role in maintaining viability (Tunnacliffe et al., 2010). Possible mechanisms of action
particularly include the interaction and stabilization of membranes (Eriksson et al., 2011) and the stabilization and
prevention of protein aggregation, which contributes to the preservation of cell structure and function (Chakrabortee
et al., 2012). In addition, it is possible that LEA favor the formation of a dense and stable glassy matrix, capable of
reducing molecular mobility and increasing cell stability during storage (Buitink and Leprince, 2004; Walters et al.,
2010; Ballesteros and Walters, 2011).

Regarding HSP (heat shock proteins), they are widely distributed in plants and act as molecular chaperones, helping
in the correct folding and stability of other proteins, which ensures cellular structural and functional integrity, both
under normal conditions and under stress (Berka et al., 2022; Diindar et al., 2025; Waters and Vierling, 2020). In seeds,
it is proposed that they act in an equivalent way to maintain viability during storage, although the exact mechanisms
still lack definitions.

For soybean seeds, the induction of sHSP proteins occurs during the late maturation phase and is part of the
genetic program associated with seed longevity (see topic 3.1), and its expression is induced by HSFs (Heat Shock
Factors), a broad family of transcription factors (Valario et al., 2016; Lima et al., 2017). The overexpression of HSFA9
(Heat Shock Factor 9) in tobacco seeds resulted in a significant increase in the production of certain HSP and sHSP,
conferring greater resistance to deterioration during storage at high temperatures (Prieto-Dapena et al., 2006). On the
other hand, the repression of the HSFA9 program led to a drastic reduction in the accumulation of HSP, including sHSP,
and a significant decrease in seed longevity (Tejedor-Cano et al., 2010).

J. Seed Sci., v.48, 202648017, 2026



6 C.P. Cardoso et al.

For a more in-depth analysis of the action of LEA, HSP and sHSP on seed longevity, it is recommended to consult the
reviews of Leprince et al. (2017), Nadarajan et al. (2023), and Zinsmeister et al. (2020).

Sugars of the raffinose family (RFOs)

As for raffinose family oligosaccharides (RFOs), which include raffinose, verbascose, and stachyose, these have
already been associated with stabilization of the intracellular glassy state (Leopold et al., 1994; Sano et al., 2016).
However, Buitink et al. (2000) indicate that RFOs do not directly affect this stability of the intracellular glassy matrix,
and their correlation with seed longevity probably occurs through other mechanisms.

Although itis not yet understood exactly how RFOs act in the acquisition and maintenance of viability during storage,
there is a vast literature indicating that these sugars are effectively involved with longevity for soybean seeds (Hagely
et al., 2013; Lin et al., 2023). Studies conducted in Brazil, with a mutant soybean genotype in the enzymes raffinose
synthases (rs2 rs3), important precursors of RFO synthesis, reported a phenotype with ultra-low RFO content and
consistently reduced longevity by 20-30% compared to the wild type (RS2 RS3 WT), under different storage conditions,
maturation stages and years of production (Cardoso, 2020; Cardoso, 2024).

Oxidative control and the role of the seed coat

In addition to the structural and molecular mechanisms that confer physical stability to the cytoplasm and direct
protection to macromolecules, the longevity of seeds also depends on the ability to minimize the generation of reactive
oxygen species (ROS) during storage. ROS are highly unstable and reactive molecules that, when unbalanced, trigger
damaging oxidative reactions, resulting in loss of membrane phospholipids, changes in transcript levels, protein
synthesis, and post-translational modifications (Rajjou and Debeaujon, 2008; Waterworth et al., 2024).

Even with the metabolic suppression characteristic of the glassy state, the formation of ROS can persist due to non-
enzymatic reactions (Bailly et al., 2008), i.e., during storage, the seed is still subject to oxidative damage and consequent
loss of vigor. Against this, the seed exhibits intrinsic adaptive strategies that contribute to reducing oxidative damage
and promoting longevity in the dry state, such as the dismantling of chloroplasts, the protection given by the seed coat
and the accumulation of antioxidant compounds, which will be detailed below.

Greenish soybean seeds are characterized by total or partial retention of chlorophyll in the tissues, resulting from
failures in the complete degradation of this pigment during maturation. These atypical seeds show a strong reduction
in vigor (Teixeira et al., 2020) and longevity, and therefore, even if viability is maintained, it is for a short period (Padua
et al., 2007; Luccas, 2018; Nakajima et al., 2012).

However, as demonstrated by Zinsmeister et al. (2023) in Medicago truncatula seeds, the reduction in longevity
does not result from the failure to degrade the chlorophyll itself, nor from the consequent presence of the residual
pigment in the dry seed, but rather from the persistence of metabolically active chloroplasts, resulting from the absence
of functional shutdown of the photosynthetic apparatus during maturation. The authors highlighted that, when
photosynthetic activity is suppressed, even if chlorophyll remains retained, the longevity of the seeds is preserved.

In line with such evidence, the longevity of soybean seeds is established in synchrony with the repression of
genes involved in photosynthesis and chloroplast activities (Lima et al., 2017). In this context, the dismantling
of chloroplasts during maturation can be interpreted as an adaptive strategy, aimed at preventing damage that
compromises seed longevity, mainly by limiting the generation of reactive oxygen species (ROS) and reducing
oxidative instability.

Nevertheless, even in yellow soybean seeds that have completed these processes, residual metabolism and the
presence of oxygen maintain the risk of oxidation during storage. Increased oxygen pressure results in greater loss of
viability (Groot et al., 2012) and volatile compounds released in the process, such as methanol, ethanol, acetaldehyde,
pentane, 2-heptanone, n-hexyl formate, 2-propanol, and 2-propenonitrile, can be reabsorbed, intensifying toxic effects
and deterioration (Colville et al., 2012; Mira et al., 2016; Han et al., 2021). Therefore, the seed coat acts as an important

J. Seed Sci., v.48, €202648017, 2026



Soybean seed longevity 7

physiological barrier, regulating the diffusion of gases and volatile compounds between the seed and the external
environment (Bewley et al., 2013).

In addition to its physical role, the seed coat also exerts essential biochemical functions in the defense against
oxidative damage. Lignin, in addition to conferring structural strength, is associated with reduced oxidative stress and
lipid peroxidation, which is reflected in lower levels of activity of antioxidant enzymes, such as superoxide dismutase
and peroxidase (Huth et al., 2016). Other compounds with antioxidant functions, such as glutathione, tocopherols,
and lipocalins, play an important role in longevity because they limit the oxidation of lipids, proteins, and nucleic acids
during storage (Sattler et al., 2004; Boca et al., 2014; Nagel et al., 2015).

Seed coat color, associated with the presence of anthocyanins, can influence seed quality, since these compounds
have antioxidant action and can contribute to greater storage tolerance in seeds with dark seed coats (Kuchlan et al.,
2010; Abati et al., 2022; Naflath et al., 2023). For an in-depth analysis of its influence on seed quality, we recommend
the review by Krzyzanowski et al. (2023).

Repair Mechanisms

Even in the face of several protection and defense mechanisms mentioned, the seed can still accumulate damage
gradually over time as aresult of deterioration. The initial phase of imbibition is a critical moment, as it is when metabolic
reactivation allows the activation of repair mechanisms, which act by restoring damaged cellular components such as
DNA, RNA, and proteins, contributing to the maintenance of seed viability and vigor (Rajjou et al., 2008; Waterworth
et al., 2015; Ducatti et al., 2022).

The intrinsic longevity of seeds is, therefore, the result of a set of mechanisms that provide protection, repair
and stabilization to the seed in a dry state, as described so far. However, seeds develop the potential for intrinsic
longevity in a variable way, exhibiting differences both in the constitution and in the activation of these mechanisms; as
a consequence, there is wide variability in longevity between orthodox species, between cultivars of the same species
and even between lots of the same cultivar.

The following section delves into the acquisition of longevity of soybean seeds throughout the phases of
development in integration with the other physiological attributes. Additionally, it discusses how genetic and
environmental factors and management decisions modulate the magnitude with which these attributes, especially
longevity, are expressed, providing the necessary conceptual basis to interpret the variability observed between
genotypes, environments and lots.

ACQUISITION OF LONGEVITY OF SOYBEAN SEEDS

Conceptual evolution of maturation phases in soybean seeds: late maturation as a determining stage for longevity

The development of soybean seeds has been investigated for almost a century, in a continuous trajectory of
advances that started from the initial descriptions of maturation and physiological quality and evolved to a broader
and deeper understanding of the factors that determine the acquisition of physiological attributes, such as longevity.

Classical research, initiated by Willard (1925), deepened by Delouche (1971) and described by Carvalho and
Nakagawa (2000), established a solid experimental basis by documenting, from fertilization to harvest, the variations
in moisture content, dry mass, germination and vigor. These studies consolidated the traditional descriptive model of
seed development, with emphasis on two main phases: embryogenesis and maturation (or filling).

Embryogenesis, the initial phase of seed development, is marked by intense cell division and differentiation of
embryonic tissues, culminating in the definition of the embryo (embryonic axis and cotyledons) and the seed coat
(Bewley et al., 2013; Marcos-Filho, 2015). Then, during the maturation phase, the seed increases in size and weight due
to the continuous flow of photoassimilates transferred from the mother plant to the point of maximum dry weight and
detachment from the pod (Fehr et al., 1971; Egli, 2004).
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Since the first physiological descriptions, this point has been interpreted as the physiological maturity milestone,
representing the maximum potential quality limit for soybean seeds (Fehr et al., 1971). After this point, subsequent
dehydration was limited for decades as an essentially physical, passive process devoid of physiological gains. This
interpretation was in line with the context of tropical production conditions, in which the prolonged permanence of
mature seeds in pre-harvest significantly increases the risk of deterioration (Vergara et al., 2019). Consequently, the
final phase of development came to be seen only as a period of increasing vulnerability.

However, this perspective is reformulated in the light of advances in research. As reviewed by Leprince et al.
(2017) and Zinsmeister et al. (2020), the acquisition of physiological quality does not end at the point of maximum
accumulation of reserves. Behind dehydration, there is a metabolically active phase called late maturation, essential
for the consolidation of longevity in Glycine max (Basso et al., 2018; Lima et al., 2017) and other orthodox species
such as Arachis hypogaea (Okada et al., 2021; Oliveira and Silva, 2024), Medicago truncatula (Chatelain et al., 2012),
Arabidopsis thaliana (Pellizzaro et al., 2020), and Phaseolus vulgaris (Sanhewe and Ellis, 1996).

The study conducted by Lima et al. (2017) brought decisive results showing that the longevity of soybean seeds
is established progressively during the late maturation phase and can double between physiological maturity and the
moment the seeds reach the dry state. Through physiological and transcriptomic analyses, the authors detail this
advance as a result of the activation of a specific program involving the mechanisms mentioned above, such as the
synthesis of HSP and LEA proteins, the accumulation of raffinose family sugars (RFOs), repression of genes associated
with photosynthesis and chloroplast metabolism, and differences in the expression of genes related to the cell wall.
Twenty-seven transcription factors strongly correlated with longevity were identified, including AP2/EREBP, WRKY and
HSFs, which were also described in other legumes, reinforcing the robustness and conservation of these regulatory
circuits in this group.

The progression of physiological quality during the late maturation phase is accompanied by continuous changes in
the chemical composition of the seed, because even after the end of the maternal input, the metabolism remains active
with the reorganization of the previously accumulated reserves. Kambhampati et al. (2021) describe a set of processes
that confirm this metabolic activity, including the presence of gluconeogenic pathways, the progressive reduction of
lipid and protein contents, and simultaneously the continuous accumulation of structural carbohydrates, such as cell
wall polysaccharides (CWPs), and RFOs.

Studies conducted by Cardoso (2020; 2024) reinforce that, even without new sinks, the seed reorganizes its
internal carbohydrates; for instance, the accumulation of RFO during the late maturation phase involves the sucrose
accumulated previously in the filling phase. Such metabolic reconfiguration is directly associated with the acquisition
of longevity and, in addition to the expressive accumulation coinciding with the longevity acquisition phase, the
functional relevance of this process is confirmed by the mutant rs2 rs3, as the reduced synthesis of RFOs compromises
the longevity of the seeds.

Therefore, it is necessary to redefine the concept of maturity and maximum physiological quality: the point of
maximum dry matter no longer represents the end of the seed’s trajectory and starts to constitute the threshold of its
determining phase of preparation for survival.

Recognizing late maturation as a physiologically active phase reveals that this stage completes processes that remain
incomplete in the earlier phases. However, the physiological quality is not acquired simultaneously or indistinctly.
Understanding this dynamic allows us to move on to a fundamental question: how, then, is quality built throughout
development?

Physiological sequence of quality acquisition: germination, desiccation tolerance, vigor and longevity.

The attributes that make up the physiological quality in soybean seeds are established through a coordinated series
of events in which each attribute depends on the consolidation of the previous one. Such physiological sequence
has been demonstrated for the soybean crop, in different genotypes, environments and methodologies by Valario
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(2016), Rossi (2016), Lima et al. (2017), Basso et al. (2018), Cardoso (2020), Batista et al. (2022) and Cardoso (2024). A
comparative synthesis of these studies reveals a highly consistent pattern that will be presented below.
At the R7.1 stage, soybean seeds have full capacity to form normal seedlings when evaluated in the fresh state,
an ability not present until then in previous stages. However, when these same seeds are dried to approximately 12%
moisture (wet basis), such capacity is drastically reduced to values below 50% (Cardoso, 2020), that is, no matter how
much germination is present at this stage, the seeds are still intolerant to desiccation (Figure 2).
The equivalence of the values of normal seedlings originated from seeds in both the fresh and dry states is
observed in R7.2, thus characterizing the consolidation of DT at this stage (Figure 2). The establishment of this attribute
at this point is decisive because it precedes the intense loss of water of late maturation, when the seed would become

Figure 2. Sequential acquisition of physiological quality in soybean (Glycine max (L.) Merr.) seeds throughout the
maturation stages. The top color bar represents the phenotypic transition of the seed coat from R7.1 (green)
to R9 (brown/dry), indicating the progression of maturation. The rows of seedlings illustrate the germination
performance after storage of seeds harvested at different stages of development (dry seeds, upper row) and
newly harvested seeds (newly harvested seeds, lower row), evidencing the progressive gain in vigor with
the advance of maturation. The physiological characteristics are acquired in sequence: germination (R7.1),
desiccation tolerance (R7.2), vigor (from the perspective of seedling performance such as length and dry matter)
(R7.3) and maximum longevity (R9). The lower left panel shows sigmoidal curves of germination survival (%) as a
function of storage time (days) at 35 °C and 75% relative humidity for seeds harvested at the R7.3 and R9 stages,
with indication of P50 (time required for 50% of the seeds to lose viability). The bar graph (lower right) shows
that seeds harvested at the R9 stage have P50 values two to three times higher than those harvested at the R7.3
stage, confirming that late seed maturation is a critical determinant of soybean longevity. Data collected from
Lima et al. (2017), Basso et al. (2018), and Cardoso et al. (2024) and images from Cardoso (2020).
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unviable if it were still intolerant to desiccation. This ability, therefore, is not inherent to the seed since its formation,
so identifying the point in maturation at which its consolidation occurs directs management decisions so as to ensure
cellular processes are indispensable to tolerance in the dry state.

In sequence, some parameters related to vigor, such as germination speed, length and dry mass of seedling
structures, are acquired progressively, reaching maximum values at R7.3, without additional increments until complete
maturation (R9) (Basso et al., 2018; Cardoso, 2020).

Although R7.3 and R9 seeds exhibit physiological equivalence of these characteristics mentioned soon after harvest,
Basso et al. (2018) showed that this equality is only momentary. Throughout the storage time, R9 seeds maintained
germination speed and seedling elongation capacity for intervals approximately twice as long as those observed for
seeds harvested in R7.3, even when stored simultaneously under the same conditions.

As the seedling development performance by the seed depends directly on the mobilization of reserves such
as carbohydrates, lipids, and proteins that sustain heterotrophic growth and seedling establishment (Oliveira et al.,
2020; Pereira et al., 2015; Wei et al., 2020), it is presumed that the progression and maximum reach of germination
performance and seedling elongation at R7.3 occur concomitantly with the maximum accumulation of seed dry
matter observed at this stage. However, the data demonstrates that the preservation of physiological performance
after dispersal (longevity) depends on additional mechanisms to mass accumulation, which are established from 7.3
progressively up to R9, as previously mentioned.

Figure 3 shows a comparative analysis of the longevity values (P50) obtained from soybean seeds of different
genotypesand harvests carried outin atropical environment (Brazil). The results reveal a consistent pattern of progressive
increase in seed longevity throughout maturation, where seeds harvested in R9 have P50 values approximately twice as
high as those observed in R7.2. When considering the transition between R7.3 and R9, the data indicate a substantial
increase with seeds in R9 showing, on average, increments of around 30 to 80% in P50. This behavior was consistently
observed in different years, environments, and materials, including commercial cultivars and experimental genotypes.
In addition, no cases were identified in the analyzed studies in which seeds harvested in earlier stages (R7.1 to R7.3)

Figure 3. Progressive acquisition of longevity at P50 (time required for 50% reduction of viability) in seeds collected
at different stages of development (R7.1, R7.2, R7.3, R8 and R9). A progressive increase in longevity is
observed with the advance of maturation, with significantly lower values in R7.1 and a sharp increase from
R7.2 onwards. The highest P50 values are recorded in the final stages (R8 and R9), indicating greater storage
potential. The variation observed within each stage reflects the influence of genetic and environmental factors
in determining seed longevity. Data compiled from Panoff et al. (2013/14), Rossi (2012/13 and 2013/14), Lima
(2012/13 and 2013/14), Basso (2014/15 and 2015/16), Cardoso (2017-2021) and Batista (unpublished data).
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had higher longevity than those harvested in R9, reinforcing the critical role of the late maturation phase for the full
acquisition of longevity (Figure 3).

In summary, the sequential pattern of acquisition of physiological attributes is highly logical, because the soybean
seed consolidates first the ability to germinate, then the ability to maintain this germination in the dry state, improves
its initial heterotrophic performance with the increase in germination speed and seedling elongation and, finally,
establishes mechanisms that regulate longevity in order to preserve all the others after dispersal (Figure 2).

This physiological sequence is not exclusive to soybean, a similar pattern was observed throughout the development
of peanut (Arachis hypogaea) seeds, with germination appearing in the early stages, tolerance to desiccation in R7 and
longevity progressing to R9 (Oliveira and Silva, 2024), reinforcing that these physiological milestones can be conserved
among legume species in general.

Despite the immutability of the sequential order of acquisition of physiological attributes between soybean
genotypes and environments, the breadth of the physiological potential of the seed varies among different genetic and
environmental contexts (Figure 3). Except for desiccation tolerance, whose phenotypic expression remains relatively
stable between genotypes and environments, as reviewed by Leprince et al. (2017), vigor and longevity are plastic
characteristics because they exhibit high phenotypic variation as a result of the interaction between genotype and
environment, and can also be modulated by management practices (Lima et al., 2017; Cardoso et al., 2024).

Currently, the monitoring of the development of soybean seeds in the field and their management recommendations
is mostly based on the traditional phenological classification described by Fehr et al. (1971), which organizes the crop
stages based on morphological criteria of the plant, pods and grains. Although this approach is functional for agronomic
management, it has limitations when applied to seed production, as it does not explain the physiological processes that
are established along maturation, as discussed throughout the review.

In this context, Figure 4 presents an update of the reproductive scale applied to soybean seed production. The
proposal establishes a correspondence between the physiological dynamics of maturation and the morphological
markers observable in the field, with the objective of guiding management practices compatible with the moment
of establishment of each physiological attribute and explaining the risks associated with interventions carried out at
different stages of seed development.

Genetic basis of intrinsic longevity variability in soybean seeds

Seed longevity has wide genetic variability, being characterized as a quantitative trait influenced simultaneously by
genetic and environmental factors (Mondoni et al., 2014; Zhang et al., 2019; Naflath et al., 2023).

In soybean seeds produced under Brazilian tropical conditions, marked differences in intrinsic longevity have been
observed between commercial cultivars, even when seed production and storage occur under controlled and similar
conditions (Luccas 2018; Chamma, 2019; Perissatto, 2019). Evaluations involving 47 cultivars and 113 lines derived from
contrasting parents showed variations of more than 60 days in the P50 parameter (time required for the loss of 50% of
germination during storage, a parameter used as a comparative measure of longevity) (Perissatto, 2019; Chamma, 2019).

The phenotypic amplitude of these seeds produced simultaneously exposes the genetic basis of longevity, whose
variation can be partially explained by heritability, defined as the proportion of total phenotypic variance attributed to
genotypic differences in a population (Bianchi et al., 2020). Chamma et al. (2024) demonstrate that P50 was the only
physiological trait with significant genotypic variance, having high heritability in contrast to germination and vigor,
which showed more reduced heritability. In an evaluation with 26 cultivars produced in two crop years (2017/2018 and
2018/2019), high genotypic heritability (h?g = 0.90) and a relationship between the genetic coefficient of variation (CVg)
and the environmental coefficient of variation (CVe) [CVg/CVe] equal to 1.33, were observed, indicating strong genetic
control and high experimental precision. However, the high heritability of the GxE interaction (h?gxa = 0.84) showed
that longevity, despite being genetically conditioned, is strongly modulated by specific environmental conditions of
production and maturation (Chamma, 2024).
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Figure 4. Characterization of the maturation stages of soybean (Glycine max (L.) Merr.) seeds based on morphological
features of pods and seeds, as well as physiological quality markers, with photographic representation in
two genotypes. The Figure describes the reproductive stages from R6 to R9, including the intermediate
substages proposed by Basso et al. (2018). For each stage, the aspects of the pods, the morphology of the
seeds and the respective physiological milestone are presented: germination capacity (R7.1), desiccation
tolerance (R7.2), maximum vigor (R7.3) and maximum longevity (R9). Photographs on the right illustrate
the progression of pod and seed coloration along the same stages for two distinct genotypes (Genotype 1
and Genotype 2), demonstrating that color patterns, although useful as indicators, can vary according to
genotype, environmental conditions, and crop management practices. Adapted from Ritchie et al. (1985),
Lima et al. (2017), Basso et al. (2018) and Cardoso (2020).
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Longevity, therefore, has a greater relative genetic contribution than other physiological attributes (Righetti et al.,
2015; Leprince et al., 2017). Still, the phenotypic expression of longevity is significantly modulated by the genotype x
environment interaction (GxE).

The significant genetic variability among soybean cultivars regarding the acquisition of longevity, therefore,
opens concrete opportunities for exploration in genetic improvement programs, both in the selection of parents
and in the recommendation of cultivars with greater physiological stability in storage. In addition, this characteristic
is decisive for strategies aimed at the conservation of genetic resources in germplasm banks (Walters et al., 2010;
Waterworth et al., 2024).

The consistency of the physiological acquisition patterns observed, even in the face of the genetic and
environmental heterogeneity of the studies analyzed, reinforces the robustness of the notion that, although
genetically conditioned, longevity is modulated by the maturation environment. Understanding this physiological
plasticity is essential to support more precise agronomic recommendations guided by the physiology of soybean
seeds. Although genetic improvement focusing on the physiological quality of soybean seeds has not yet been fully
explored, such investment is imperative in the face of challenging tropical conditions.

Environment and management interfere with longevity acquisition in the field

Although the order of acquisition of physiological attributes during maturation is highly conserved, the final
expression of these attributes can be variable. Unlike DT, which is a robust physiological property, that is, rigidly
controlled by genetic mechanisms and little sensitive to environmental variations, seed longevity is a highly plastic
attribute, which responds sensitively to the variations in the conditions to which the organism is exposed during
development, resulting in different levels of final performance for the same genotype (Leprince et al., 2017).

Accordingto Zinsmeister et al. (2020), environmental factors such astemperature and water availability modulate the
acquisition of longevity by interfering with maturation programs, the performance of the mother plant, and embryonic
tissues, affecting processes associated with cell protection, metabolic stability in the dry state, and the efficiency of
antioxidant and repair systems. Environmental stresses during the maturation phase, such as high temperatures and
water deficit, significantly reduce the physiological quality of seeds, reinforcing the high sensitivity of this attribute to
environmental conditions (Petronilio et al., 2025).

In this topic, the emphasis will be on the relationship between longevity and the management of the production
system, addressing, in sequence, the practices related to nutritional availability and soil preparation and to
the management of chemical desiccation under tropical conditions. For an in-depth discussion on the isolated
environmental influence involving temperature, light, water availability, and the regulatory mechanisms involved, a
review by Zinsmeister et al. (2020) is recommended.

Management interferes with longevity acquisition in the field: nutrition and soil preparation

Mineral nutrition is a central component of seed physiology, as it conditions not only crop yield (Amanullah et al,
2025), but also the formation (Grabau et al., 1986), composition (Di Mauro et al., 2023), and longevity of the seeds
produced, which will be described below.

In a long-term study with wheat conducted in acidic tropical soil, Silva et al. (2022) observed that lime application
did not promote significant changes in germination and initial vigor of the seeds, but resulted in a significant increase
in longevity, evaluated by the P50 test. This effect was associated with greater accumulation of key nutrients, such as
N, P, K, and Mg, and greater expression of genes related to cellular protection and molecular damage repair, including
HSFA9, LEA1, VTE1, and PIMT2.

Similar results were reported by Silva et al. (2023). Although these authors did not find a significant association
between soybean seed germination and macronutrient and micronutrient contents of the soil in which the mother
plant was produced, they observed a positive correlation between seed longevity and soil N, P, Ca, Cu, and Mn contents,
reinforcing that longevity responds sensitively to the conditions of the maternal environment.
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Another relationship between mineral nutrition and longevity can be observed in the occurrence of cracks
in the seed coat (called genetic crack), characterized by fissures between the cells of the palisade parenchyma
(Teixeira et al., 2024). Although the causes of this phenomenon are not completely elucidated, Teixeira et al. (2024)
demonstrated that the incidence of cracks in the seed coat is correlated with low concentrations of calcium in this
tissue among soybean cultivars.

Calcium is essential for the formation and stability of cell walls, acting on the structural integrity of tissues during
seed development (Hepler and Winship, 2010). Transcriptomic studies reinforce this relationship by indicating that
genes involved in the synthesis and remodeling of the cell wall have increased expression from the R7.3 stage of
maturation, a period that coincides with the beginning of longevity acquisition in soybean seeds (Lima et al., 2017).

Soil tillage practices also influence the acquisition of longevity, as observed by Souza (2021), who demonstrated
that soil chiseling, although not promoting an increase in soybean yield, reduced surface compaction and favored
the obtaining of seeds with greater vigor and greater longevity, with more pronounced effects under climate stress
conditions. In a complementary way, conservation systems such as no-till can also promote greater longevity (Silva et al.,
2023), possibly due to the improvement in soil structure over time, greater nutrient cycling, and greater water stability.

Therefore, these results indicate that the soil environment has a strong influence on the acquisition of
seed longevity. However, there are still few studies that systematically evaluate management strategies such as
supplementation or nutritional enrichment aimed specifically at promoting the longevity of soybean seeds.
Considering the complexity of the processes involved and the strong interaction with genotype, environment and
management, future research is needed to identify limits, combinations and moments of nutrient supply and their
relationship with the acquisition of longevity, without compromising other physiological quality attributes.

Management interferes with longevity acquisition in the field: chemical desiccation

Pre-harvest chemical desiccation of soybean seeds and grains consists of the application of herbicides with defoliant
properties aiming at multiple objectives such as advance of harvest (Albrecht et al., 2024), weed control (Ellis et al.,
1998), reduction of green stems and increase in the operability of machines (Geiss et al., 2025), but especially for seed
production, it aims to reduce the permanence of seeds in the field under adverse conditions and mitigate losses in
physiological quality (Albrecht et al., 2022; Bagateli et al., 2025).

Historically, the recommendation for this management was based on the assumption that the seeds would be
physiologically ready when reaching the point of maximum dry matter (Franca-Neto et al., 2016), identified as R7.3
stage (Lima et al., 2017). This interpretation was widely accepted within the tropical agronomic context, in which
the prolonged permanence of mature seeds in the field substantially increases the risk of pre-harvest deterioration.
Indeed, moisture damage is cited as one of the main factors inducing loss of seed quality (Krzyzanowski et al., 2022),
especially in producing regions where rainfall events occur close to harvest.

However, in the light of recent advances in seed physiology, longevity in soybean seeds is not fully defined at the
time of maximum dry matter (R7.3 stage), but rather progressively acquired after this stage during the late maturation
phase, as presented throughout topic 3. Thus, since desiccation accelerates this phase, an important question arises:
how does the acquisition of longevity behave in response to pre-harvest chemical desiccation?

Chamma et al. (2023) evaluated forced maturation with the chemical desiccant paraquat applied at R7.3 and
observed that, while desiccation does not reduce initial germination, it can significantly reduce longevity (Pso) and
accelerate vigor loss during storage, with up to a 20% reduction in Pso when compared to natural maturation. These
findings suggest that chemical desiccation applied at R7.3 can interrupt or compromise late maturation processes
relevant to post-harvest conservation, even though the short-term physiological attributes (germination and initial
vigor) are apparently consolidated.

Complementarily, Cardoso et al. (2024) demonstrated that the metabolic response of soybean seeds during
longevity acquisition can be variable depending on the active ingredient applied, even when the application occurs at
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R7.3, highlighting that the seed is still metabolically responsive. Therefore, although the seed has already ceased the
accumulation of dry matter, the maturation metabolism remains active and susceptible to the interference of chemicals.

On the other hand, Bagateli et al. (2025) compared desiccated and non-desiccated seeds and demonstrated that
the latter remained in the field for up to 20 days after physiological maturity, being exposed to adverse environmental
conditions, such as the occurrence of rainfall, wetting and drying cycles, and variations in temperature and humidity,
which resulted in lower longevity. The authors found, through Random Forest models, that such environmental
variables explained most of the variation in seed quality and longevity.

In view of the above, the effects of desiccation are not universal, but strongly dependent on the environmental
context. Chemical desiccation, as much as it causes a physiological interruption, advancing the end of the reproductive
cycle and limiting late stages associated with longevity, can favor the maintenance of longevity in scenarios of high
environmental risk, acting as a measure to contain pre-harvest deterioration, but not as a direct promoter of the
physiological acquisition of longevity.

Although the current recommendation indicates the application of the desiccant when approximately 70% of
the pods reach the R7.3 stage, this scenario is uncommon in cultivars of indeterminate habit, due to their uneven
maturation. In plants of indeterminate habit, flowering occurs in a staggered manner along the canopy, resulting in the
formation of seeds at different times and, consequently, in different stages of development and maturation within the
same plant. This reproductive desynchrony leads to uneven maturation, so at the time of desiccant application, there
is coexistence of seeds in multiple physiological stages, not always with a predominance of a single reproductive stage.

In this context, desiccation starts to have distinct effects among the seed fractions present in the plant. For those that
have not yet completed the maturation process, the application of the desiccant can interrupt the normal maturation
process, prevent the complete degradation of chlorophyll and resulting in the harvest of greenish seeds because they
are still immature (Zorato et al., 2007). Chamma et al. (2023) observed a higher incidence of these seeds in desiccated
plants, corroborating that early application can lead to the permanence of residual green pigmentation due to the
interruption of the biochemical mechanisms of chlorophyll degradation. On the other hand, seeds that have already
reached physiological maturity at the time of desiccation, especially in systems with delayed harvest, remain exposed
to environmental conditions in the field, which favors deterioration (Vergara et al., 2019).

In addition, the uneven maturation, initially observed at the plant level, tends to expand to the area scale, reflecting
the spatial variability inherent to production systems. Factors such as soil heterogeneity, water availability, fertility and
microclimate contribute to the formation of zones with different dynamics of development and maturation within
the same plot. In this context, decision-making regarding the time of desiccation should incorporate spatial variability
through the definition of management zones.

In this context, Figure 4 integrates the physiological dynamics of maturation with morphological markers observable in
the field, configuring itself as an auxiliary tool for better decision-making regarding desiccation timing, with the potential
to reduce the antagonistic effects in uneven systems and increase the physiological stability of the produced lots.

In summary, chemical desiccation should be approached as an integrated management practice, in which the
precise definition of the phenological stage of application, associated with the consideration of the spatial uniformity
of the area, is essential to mitigate contrasting physiological responses. The choice of herbicide should be judicious,
considering its mode of action and its potential to interfere with the processes associated with the acquisition of
physiological quality. In addition, environmental conditions should be considered as a priority, since they are the main
determining factor of seed quality and longevity, modulating the magnitude of the effects of desiccation.

LONGEVITY ANALYSIS PERSPECTIVES

Evaluating seed longevity remains one of the main challenges in quality control programs. Methods traditionally
employed in the routine, such as germination, tetrazolium, and accelerated aging conducted under humid conditions,
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are efficient in identifying lots with immediate impairment of physiological quality (Franca-Neto and Krzyzanowski,
2019; Krzyzanowski et al., 2022). However, these tests have limitations to discriminate lots that, although similar in
these parameters, may show contrasting behaviors when subjected to the same storage environment. This contrast
explains recurrent situations observed in the seed industry, in which conventional evaluations do not indicate imminent
drops in quality, although there are significant reductions in longevity throughout storage.

As observed in Figure 5 with data derived from Perissato (2019), the relationship between the initial vigor
estimated by the tetrazolium test (TZ) and seed longevity, expressed by P50, reveals a pattern of dissociation
between these parameters. Although the lots have relatively similar values of initial vigor, especially concentrated
in the medium to high range (80-100%), there is a wide dispersion in the P50 values, indicating marked differences
in longevity. Lots classified as high vigor (>90%) do not necessarily maintain greater longevity, showing both
upward and downward trajectories in relation to P50. Similarly, medium- and even low-vigor lots can exhibit
contrasting behaviors, reinforcing the absence of a consistent linear relationship between initial vigor and storage
potential. This pattern, represented by the multiple individual behaviors in the graph, points to the limitation of TZ
in predicting longevity and highlights the need for complementary metrics that capture the physiological resilience
of seeds over time.

In line with these observations, Hay et al. (2019) reported that the categorization of lots in terms of longevity can
vary significantly depending on the evaluation method adopted. By comparing different aging conditions, including
tests conducted under high relative humidity and high temperature, with analyses based on survival curves, the authors
demonstrated that the relative classification of lots can change considerably. These results indicate that evaluations
based on artificial and one-off conditions may not adequately reflect the behavior of seeds throughout storage,
reinforcing the importance of considering the dynamics of loss of viability over time.

The incorporation of the analysis of survival curves and derived parameters, such as P50, defined as the time
required for the loss of 50% of viability, thus emerges as a strategic tool to differentiate lots with similar germination,
but with contrasting storage potentials. These approaches are particularly relevant for decisions related to prolonged

Figure 5. Relationship between the initial vigor of the seeds, evaluated by the tetrazolium test (TZ), and the longevity
estimated by the parameter P50. Each line represents a lot, connecting the initial vigor (left axis) to the
respective value of P50 (right axis). The points are classified into three categories of vigor: high (290), medium
(80—89) and low (<80). There is a wide variation in the response among lots, showing that initial vigor is not
always directly associated with seed longevity. Data from Perissato (2019).
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storage, long-distance logistics and management of known sensitive cultivars. However, the interpretation of
longevity based on survival curves is intrinsically dependent on the temperature and humidity conditions adopted
during experimental aging.

Walters et al. (2010) demonstrated that dry seed deterioration is governed by amorphous matrix physical
properties, with nonlinear kinetics dependent on temperature and moisture content, and that changes in the physical
state of the cytoplasm alter the predominant aging mechanisms relevant to storage. In this context, the combination
of relative humidity and temperature determines the equilibrium moisture content of the seeds and, consequently,
the molecular mobility and the dominant deterioration pathways. Accordingly, Zinsmeister et al. (2020) reinforce that
the mechanisms that govern the loss of viability differ substantially when the seeds are in the glassy state, typical of
dry storage, compared to those evaluated under wetter conditions, in which the cytoplasm has greater mobility and
different aging processes come to predominate.

Thus, the incorporation of specific physiological parameters such as P50 represents a more consistent reference
for the characterization of physiological quality associated with longevity (Santos et al., 2019), expanding the ability to
discriminate between lots with similar performance in conventional vigor tests and supporting safer logistics strategies
for transportation, storage, and marketing. Despite that, operational challenges persist for the routine application
of these approaches in quality control programs, including the definition of appropriate temperature and humidity
combinations that accelerate testing without displacing the seed from the glassy state, the need for technically skilled
teams, analytical complexity, and the prolonged use of laboratory infrastructure.

In this scenario, recent technological advances involving computer vision associated with artificial intelligence
algorithms have high potential to complement traditional approaches, allowing automated pattern recognition in
biological images and reducing the subjectivity of analyses (Franca-Silva et al., 2023).

Additionally, studies conducted in Brazil using multispectral phenotyping demonstrate that the autofluorescence
signature of seeds allows the identification of maturation stages (R7.1 to R9) and segmentation of lots according to the
level of physiological maturity (Batista et al., 2022). In perspective, the integration of these technologies with machine
learning models can enable more accurate screening systems and, in the medium term, contribute to the prediction of
longevity, accelerating decision-making during production and reducing post-harvest losses.

Another possibility is the analysis of total RNA quality performed via capillary electrophoresis. RIN (RNA Integrity
Number) calculation is used to standardize the interpretation of integrity, assigning values from 1 (totally degraded) to
10 (intact). High-longevity seeds have electrophoretic profiles with sharp peaks of the ribosomal subunits 18S and 28S.
The reduction in RIN value (< 7) indicates RNA fragmentation, which compromises the protein translation necessary for
the resumption of metabolism during imbibition, characterizing the initial stage of loss of vigor and viability (Saighani
et al., 2021; Tetreault et al., 2024; Walters et al., 2026).

The evaluation of genomic integrity by agarose gel electrophoresis can be used to identify seed lots with high
longevity, in which the genomic DNA must present itself as a single band of high molecular weight. Aged seeds can
be identified by the presence of a “trace” in the gel, resulting from random breaks in the DNA strand. Additionally,
the occurrence of internucleosomal fragmentation, visualized as the “ladder” pattern (DNA laddering), can be used
as a marker of Programmed Cell Death (PCD). This phenomenon evidences the enzymatic degradation of DNA by
nucleases activated by oxidative stress, signaling the irreversible loss of genomic repair capacity and, consequently, of
seed longevity (EI-Maarouf-Bouteau et al., 2011).

CONCLUSIONS

Longevity consists of an attribute strongly determined by intrinsic factors, not being defined exclusively by storage
conditions, but progressively acquired throughout seed development through the interaction between genotype,
environment and management, including aspects such as nutritional availability and chemical desiccation.
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In this context, it is necessary to redefine the concept of maturity and maximum physiological quality, since the
point of maximum dry matter no longer represents the end of the seed’s trajectory and starts to configure the threshold
of a critical phase of preparation for survival in the dry state.

Through the sequence of acquisition of the different physiological quality attributes, it is proposed to update the
reproductive scale of soybean with a focus on seed production, in order to guide management decisions, contribute to
adequate chemical desiccation and reduce the variability of the survival of the lots produced during storage.

We highlight the importance of expanding quality tests aimed at categorizing lots in terms of potential longevity, in
order to promote the predictability of seed performance during storage.

The following measures are encouraged: more in-depth research on the effects of molecules applied in desiccation
on longevity, studies that systematically evaluate supplementation or nutritional enrichment strategies aimed
specifically at promoting the longevity of soybean seeds, selection of more stable genotypes both under prolonged
storage conditions and in the face of various environmental stresses, and inclusion of methods for evaluating longevity
on an industrial scale.
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