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Abstract

Seed deterioration is a phenomenon that reduces vigor, viability, and storage, but the rate of decrease
differs across crops and genotypes. Crops like Soybean, moringa, rice, and sweet corn show that poor
storability results in more oxidative damage, free fatty acids, and malondialdehyde accumulation. Seeds
with good storability maintain more antioxidant activity and stable reserve composition. Moringa crop,
when harvested at physiological maturity, seeds have reached maximum vigor and storability. Abiotic
factors, such as high humidity, in crops like rice, lose longevity at a faster rate, but when seeds are
exposed to priming treatment, they have shown better vigour and establishment. Low starch content in
sweet corn was especially vulnerable to natural aging, though genotypic variation existed. An
imbalance between antioxidant defense and oxidative stress, breakdown of stored reserves, and
improper harvest of produce lead to seed deterioration.

Keywords: Seed deterioration, seed ageing, oxidative stress, reactive oxygen species (Ros), antioxidant
enzymes, lipid peroxidation, malondialdehyde (Mda), membrane integrity, mitochondrial dysfunction,
reserve mobilization and enzyme activity, seed priming

1. Introduction

Seed deterioration and ageing have become a significant threat to the farming communities,
reducing the marketing quality of the crops as they age. As a result, there is a reduction in the
seed quality parameters such as germination percentage, vigour, and viability of the seed,
which disrupts the seed multiplication system of the crop. Seeds, when stored for a period of
time, undergo many changes, which may be physical, physiological, or biochemical, acting
alone or in combination with one or many. In some cases, Environmental factors such as
temperature and moisture serve as key factors for a successful plant establishment, or they
may lead to complete deterioration of the seed. As seeds get older, they start collecting
harmful substances that slowly damage their protective coat, stored food, and other important
parts. One of the warning signs is when MDA levels rise—it shows the seed is under stress
and is less likely to grow into a strong, healthy plant. Membrane disruption, loss of reserve
proteins and starch, and the breakdown of vital hormones like abscisic acid (ABA) and
gibberellins (GA) all contribute to a gradual decline in seed vigor. Notably, the balance
between enzymatic and non-enzymatic antioxidants influences how quickly deterioration
progresses and whether seeds retain enough vitality for germination. Lipid peroxidation
increases with the increase in lipoxygenase activity, which damages cell integrity. The seeds
which were deteriorated show significant changes at cellular level, like starch granule
breakdown within endosperm, which leads to loss of metabolic reserves. Crops such as sweet
corn show better tolerance, lower MDA and LOX activity, and higher activity of antioxidant
enzymes and reserve substances. So, identifying and analyzing these changes is crucial for
developing practical methods for optimizing the storage environment, selecting resistant
genotypes or applying protective treatments that help to preserve seed quality and enhance
crop performance in the field.

2. Membrane integrity
The dissolution of the membrane is considered one of the main causes of deteriorating seeds.
This damage results from lipid peroxidation, which alters cell permeability, as the interaction
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of lipids with reactive oxygen species (ROS) produces
molecules with varying solubility, including
malondialdehyde (MDA). Damage to seed cells results from
regular physical conditions and functional loss. During seed
ageing, mitochondrial membranes are compromised in
vesicles, cristae are shortened, and there is a decline in
cytochrome ¢ oxidase, malate dehydrogenase, and NADH
levels. These factors render oxidative phosphorylation a less
efficient mechanism, resulting in a drop in adenylate energy
charge during germination, which ultimately leads to
cellular collapse. A study on soybean genotypes found that
membrane -dissolving seeds are a primary cause of
worsening seeds, as it leads to changes in cell permeability
and inability to maintain normal function. Soybean
genotypes with poor storers are particularly prone to this
damage.

3. Lipid peroxidation

Lipid peroxidation is an important process in seed aging.
Lipid peroxidation leads to membrane injury involves
formation of hydrogen peroxide through oxidation of
unsaturated fatty acids, eventually alters the membrane
permeability and disrupts membrane integrity. It consists of
interaction between lipids and reactive oxygen species
(ROS), which leads to accumulation of compounds such as
malondialdehyde (MDA). The imbalance of ROS and
antioxidant activity is due to catalyse and ascorbate activity,
which reduced the seed aging. The storage capacity of the
genotype depends on the malondialdehyde and a sharp
accumulation of high lipoxygenase. On the other hand, the
low lipoxygenase activity of MDA and low accumulation of
MDA, are responsible for making a seed resistant to aging.
In soybeans, lipid peroxidation is an important factor in
worsening seeds. Researchers found that genotypes with
poor storers show a faster accumulation of lipid
peroxidation, a sharp accumulation of malondialdehyde
(MDA). It is directly associated with loss of seed power.
Conversely, good storers with low lipoxygenase activity and
MDA reduce accumulation, which helps them resist aging.
A study on sweet corn seeds found that natural aging
increased the level of lipid peroxidation significantly
increased, indicated with high MDA materials. This increase
in MDA was associated with germination degree and
reduction in the viability of the seed.

4. Oxidative stress

Oxidative stress is the primary factor contributing to seed
ageing, oxidative damage, and loss of vigour. This results
from an imbalance between the generation and reduction of
reactive oxygen species (ROS). A genotypic starvation of
soybeans refers to high -filled amino acids, free fatty acids,
and malondialdehyde accumulation due to genotype
oxidative stress. In the activity of antioxidants relative to
excessive ROS production results in cell membrane damage
and DNA damage. Research on soybean genotypes indicates
that oxidative stress is the primary cause of seed
deterioration and loss of vigour. Poor storage soybean
varieties exhibit accelerated increases in free amino acids,
free fatty acids, and MDA concentration due to this stress.
In poorly restored MAUS 61, an imbalance between
antioxidants and reactive oxygen species (ROS) occurred
due to a diminished supply of antioxidant molecules during
oxidative stress, ultimately leading to cellular damage and a
decline in seed viability. Damage to oxidative stress is
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associated with an imbalance between reactive oxygen
species (ROS) and antioxidant defense system production..
A study on rice seeds says that a cursor of oxidative stress,
accumulation of carbonylated protein, seeds is an important
indicator of aging. In sweet corn it was shown that natural
aging increases the level of reactive oxygen species (ROS)
in the seed. This elevated ROS production is combined with
a decline in antioxidant enzymes, causing significant
oxidative damage.

5. Antioxidant systems

Antioxidant systems are one of the main processes occurring
in seed. Total antioxidant activity can be measured by free
radicle scavenging activity. Antioxidant molecules include
vitamin E, p-carotene, vitamin C and glutathione.
Antioxidants can inhibit the activity of lipid peroxidation by
reducing the level of active oxygen species such as super
radicals, hydrogen peroxide and hydroxyl radicle by
blocking free radical chains. Loss of seed viability is due to
reduction in activities of antioxidative enzymes such as
SOD, CAT AND GR these play a significant role in
providing protection against highly reactive free radicals.

Early indications of seed aging are caused by deficiency of
antioxidant enzymes such as antioxidant enzymes or
scavenging enzymes such as superoxide dismutase (SOD),
Catalase (CAT), ascorbate Peroxidase (APX), and
Glutathione Peroxidase (GPX). Superoxide dismutase
(SOD) it mollifies superoxide radicals (O°), which are
produced during electron transport process, into hydrogen
peroxide and oxygen. Whereas catalyse enzyme is important
for the removal of toxic H202 produced under various
stress conditions and therefore, for the avoidance of
oxidative stress related damage, by breaking H202 to
oxygen and water. (Bailly et al., 2002) %, Depression of the
system is caused by a decrease in scavenging activity,
producing ROS. Good storer genotypes, however, do show
higher antioxidant enzyme activity due to loss of seed
viability. In rice seeds there was an rapid decline in activity
of antioxidant enzymes due to the scavenging activity of
ROS.

6. Diagnostic biochemical markers

Seed degeneration is marked by permanent metabolic and
cellular alterations, including diminished antioxidant ability,
loss of reserves, and genetic damage. Therefore, it is
essential to investigate the primary deterioration processes
occurring in the seed, including the inactivation of
antioxidant enzymes, membrane damage, reverse
consumption, and genetic damage, to ascertain a
comprehensive response to the deterioration mechanisms.
The initial occurrence in seed ageing is the reduction of
antioxidant enzymes. The antioxidant system comprises
enzymes such as superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), glutathione peroxidase
(GPX), peroxidase (POD), peroxiredoxin  (Prx),
dehydroascorbate reductase (DHAR), and glutathione
reductase. The dysregulation of the antioxidant system
results in the formation of reactive oxygen species (ROS),
predominantly hydrogen peroxide (H202), owing to its
comparatively extended half-life (1 ms) relative to other
ROS forms (2-4 s), which acts as a significant biomarker for
seed degeneration. Reactive oxygen species (ROS)
encompass singlet oxygen, superoxide, hydroxyl radicals,
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and hydrogen peroxide, with certain ROS accumulating
during seed ageing. Various soybean cultivars exhibited
distinct elevations in H2O: levels from fresh seeds (0 days)
to seeds exposed to 9 days of accelerated ageing. Lipid
peroxidation is identified as a pivotal event in the ageing
process, with oxygen radical-mediated lipid peroxidation
and membrane degradation recognised as the principal
sources of damage in seed degeneration. Membrane injury is
a pivotal occurrence in the seed deterioration process. Lipid
peroxidation-induced membrane damage alters cell
permeability and results in diminished seed viability. By
oxidising unsaturated fatty acids, lipid peroxidation alters
membrane permeability and damages structural integrity,
compromising membrane integrity and leading to the
formation of hydrogen peroxide. Lipidomic acid
dehydrogenase (MDA) is the main end product of lipid
peroxidation and it shows how damaged and compromised
the membranes are from oxidative stress. An important
marker of seed deterioration, it is one of the last substances
produced by lipid peroxidation. Both hydrogen peroxide and
malondialdehyde concentrations were elevated in aged
soybean seeds compared to the control group. The
concentration of MDA in the cotyledons and hypocotyls of
beech (Fagus sylvatica) seeds that were stored for 17 years
was five to six times higher than that of seeds that were
collected just recently. MDA levels in naturally aged (NA)
and artificially aged (AA) seeds of physic nut (Jatropha
curcas) were markedly elevated compared to fresh seeds.
When three different cultivars of soybean (BMX Raio,
BMX Zeus, and DM 53i54) exposed to accelerated aging
(0,3,6 and 9 days) results showed varying increase in MDA
content. During storage, a good storer of soybean cultivars
like Kalitur maintained lowest MDA content among other
genotypes MAUS 61 and NRC 93 which shown higher
MDA content. Lipid peroxidation disrupts membrane
integrity, which leads to leakage of intracellular solutes (like
Na+ and K+) including free amino acids, free fatty acids.
Therefore, the EC of the seed leachate correlates with
membrane damage severity. Seeds subjected to accelerated
aging for 14 days showed loss of germination and increased
EC compared to control. The EC of physic nut seed soaking
solutions also significantly increased after NA and AA
treatments During storage, good storer soybean genotypes
like Kalitur maintained lower free amino acid (FAA)
content, with a 107% increase over 10 months, while poor
storers such as MAUS 61 showed a much higher increase of
324%, likely due to greater membrane damage from lipid
peroxidation. Similar genotypic differences in FAA content
during seed storage was also reported by Salam et al., 2018
83 The increase in FFA during storage was also
documented by Abreu and it was mainly due to lipid
peroxidation. Good storer soybean genotypes also
maintained lower free fatty acid (FFA) content during
storage, with only a 98% increase, compared to poor storers
that showed a 168% increase, indicating greater
deterioration in the latter.

7. Reserve mobilization and enzyme activity

The breakdown of starch into soluble sugars by the enzyme
alpha-amylase results in enhanced respiration and
accelerated seedling growth. Decreased alpha amylase
activity is associated with ageing and correlates with
suboptimal germination in cereals and rice. Triacylglycerol-
stored lipids are mobilised by lipases. Nonetheless,
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unsaturated fatty acids are susceptible to lipid peroxidation,
resulting in the formation of malondialdehyde (MDA), a
biomarker indicative of degradation. Genotypes of soybean
with elevated oleic acid content demonstrate superior
storability compared to those abundant in linoleic and
linolenic acids (Silva et al, 2023) 281, Proteins decompose
stored proteins into amino acids necessary for the creation
of new proteins. The soluble protein percentage significantly
affects vigour, with elevated levels associated with seed
lifetime. (Silva et al., 2023) [, Antioxidant enzymes,
including superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), and glutathione reductase
(GR), protect cells from oxidative stress. An attenuation of
their activity with age hastens the formation of reactive
oxygen species (ROS), resulting in lipid peroxidation,
membrane damage, and genetic harm (Ebone et al, 2020;
Vijaykumar et al, 2019) [7. &1,

8. Environmental and genotypic influence

8.1 Environmental factors

Lipid peroxidation and ROS accumulation promoted by
presence of high temperature and relative humidity. The
storage conditions like aerobic storage which enhances
repiration rate and oxidative stress. Storage under vacuum
or low relative humidity improves the seed longevity.
Addition to these environmental factors, the hormones such
as Abscisic acid (ABA), gibberellins (GA) and auxins also
contribute with longevity regulation, while ABA often plays
a protective role.

8.2 Genotypic variation

The genotypes of soybean, Kalitur and MACS 1416 which
are good storers maintains higher antioxidant activity and
lower lipid peroxidation, whereas poor storers like MAUS
61 and NRC 93 are most susceptible to deterioration
(Vijaykumar et al, 2019) B9, In sweet corn, genotypes with
low lipoxygenase activity and reduced MDA accumulation
show greater tolerance to natural ageing. In moringa,
desiccation tolerance is acquired late in maturation,
indicating strong genotype - environment interactions in
storability (Gupta et al, 2022) 52,

8.3 Gene- Environment interactions

Seed biochemical composition and mineral nutrient status
can modulate deterioration. High magnesium levels in
soybean enhanced resilience to deterioration, suggesting
nutrient- genotype interactions playa a major role in
storability. (Ebone et al, 2020) [,

9. Mitochondrial dysfunction and energy decline

The primary energy source for cellular development and
metabolism is the mitochondria. Reactive oxygen species
(mtROS) production sites and ROS homeostasis are also
maintained by them. Superoxide, hydroxyl radicals, and
hydrogen peroxide are examples of reactive oxygen species
that oxidise cellular components and jeopardise the integrity
of the organellar membrane. The superoxide anion (02-),
which also serves as a mediator in oxidative chain reactions,
is responsible for the bulk of reactive oxygen species. Apart
from NO, O2 — can also produce hydrogen peroxide (H202)
by reactions with dismutase and other radicals. The reaction
result is a potent oxidant called peroxynitrite (ONOO-).
Hydrogen peroxide is very harmful because it may freely
permeate cell membranes. The respiratory electron transport
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activity results in the production of MtROS. Complex | and
Complex Il of the mitochondrial electron transport chain
(ETC) are the main sites where mtROS is generated. Due to
the presence of ubisemiquinone radicals, ETC, which
converts one electron to oxygen to create superoxide, affects
the production of ROS. Nevertheless, the relationship
between ROS accumulation in the mitochondria of aged
seeds and the AOX pathway has not yet been investigated.
According to research, succinate dehydrogenase (SDH) has
a role in the production of mtROS. Aconitase, an enzyme
found in the mitochondrial matrix, converted hydrogen
peroxide into hydroxyl radicals during a Fenton reaction

https://www.biochemjournal.com

with iron and sulphur. To change NADPH into NADP+,
NADPH oxidase produces reactive oxygen species in the
mitochondria. ROS are created during germination in a
number of species, and it is thought that they act as a signal
to break the dormant state of seeds. The buildup of ROS
causes oxidative damage, malfunction, impairment of the
membrane system, and oxidative damage to lipids, proteins,
and DNA in the mitochondria. The pyruvate decarboxylase
complex, tricarboxylic acid cycle (TCA) enzymes, and ATP
synthase subunits are all harmed by oxidative damage to
mitochondrial proteins.

¥ L] A
cell mitochondria :
signaling dysfunction apoptosss

L

T

decrease of germination
and viabdity of seed

Fig 1: Dysfunctional mitochondria and aging of seeds. Due to continuous reactive oxygen species (ROS) production in mitochondria, the
level of ROS increases during seed storage (1).

Nitrogen oxide (NO) influences alternate oxidase (AOX)
(2), leading to the formation of reactive oxygen species
(ROS) (2). In addition to influencing the rise of ROS levels
in mitochondria, calcium ions alter membrane potentials
through their interaction with AOX (2). Damage to
mitochondrial DNA (4) and protein synthesis (5) due to
oxidative stress, as well as alterations in signalling and
redox state (6), result from ROS (3) not being properly
removed by the ascorbate-glutathione cycle (3). The
inhibition of oxidative phosphorylation is affected by
oxidative damage to the mitochondrial membranes, which
occurs when ROS levels in the mitochondria rise (7). These
processes demonstrate the foundation of features of seed
ageing and reduce seed viability. As the seeds mature, their
viability and germination rates decline, and the processes
depicted by the solid arrows are explained by the dotted
arrows, which show the roles played by reactive oxygen
species (ROS).

The function of mitochondria in the ageing processes of
plant seeds remains inadequately characterised. Assessing
whether mitochondrial dysfunction simulates seed ageing
during storage is crucial. The impact of mitochondrial
damage on seed ageing and reduced viability during storage

is seen in Figure 1. Although other cellular organelles'
antioxidant systems are more effective than the
mitochondria's  (i.e., the ASA-GSH cycle), the
mitochondria's capacity to remove excess reactive oxygen
species (ROS) during seed storage is limited. Increased
oxidant production and oxidative damage are outcomes of
mitochondrial dysfunction caused by ROS. When ROS
levels in mitochondria are high, it damages the
mitochondrial membrane  and  makes  oxidative
phosphorylation more difficult. Mitochondrial DNA can
also be oxidatively damaged by reactive oxygen species.
Because mitochondrial DNA is located inside the inner
mitochondrial membrane, it is more exposed to reactive
oxygen species (ROS) and oxidative damage than nuclear
DNA, making it a constant target of oxidative stress. Rarely
do studies examine mtDNA in plant seeds, in contrast to the
vast bulk of ageing studies that concentrate on human cells.
Damage to plant seed mtDNA poses a substantial challenge
for genome reserve conservation, as compromised genome
integrity adversely impacts seed survival. The integrity of
mtDNA is contingent upon the generation of mitochondrial
reactive oxygen species (mtROS), produced during standard
electron flow through mitochondrial electron transport. The
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protein membrane fails to safeguard mtDNA, and histones
are absent from its structure, rendering mtDNA more
susceptible to elevated amounts of ROS. In ageing seeds,
the accumulation of mtROS inflicts damage on mtDNA and
significantly impairs the synthesis of mitochondrial proteins,
including those that regulate the mitochondrial redox status,
such as peroxyredoxins (Prxs) and thioredoxins (Trxs). The
increase of mtROS therefore affects signalling alterations
and the redox state of the mitochondria. An elevated
concentration of reactive oxygen species (ROS) in the
mitochondria induces oxidative damage to membranes,
hence impeding oxidative phosphorylation. The cumulative
effect of all adverse reactions (1-8) results in a reduction of
seed viability (Figure 1).

The expression of genes in both the nucleus and the
mitochondria is controlled by the levels of reactive oxygen
species in the cell and their redox status. Photosynthesis,
stress responses, and programmed cell death are just a few
of the many cellular functions that can be impacted by
changes in the redox state of mitochondria. As we get older,
the second messenger Ca2+ plays a key role in regulating
mitochondrial function. In the tricarboxylic acid (TCA)
cycle, calcium ions (Ca2+) boost the activity of Ca2+-
dependent dehydrogenases, which in turn improves the
mitochondrial respiratory chain and, ultimately, the
production of ATP by oxidative phosphorylation. The
stability of the mitochondrial membrane potential is
momentarily compromised by the influx of Ca2+, but this is
quickly restored by matrix Ca2+ activating the
mitochondrial respiratory chain. When the amount of
calcium ions in the mitochondria builds up too much, the
inner mitochondrial membrane becomes much more
permeable. This causes the mitochondrial membrane
potential to drop, respiration to stop, and eventually,
pathways that signal cell death to activate. According to
Wang and colleagues, the Ca2+ influx could play a role in
the AOX retrograde response. According to Xin et al., aged
seeds are less effective in electron transport chain activities
than control seeds, as shown by a decrease in NADH rate,
succinate-dependent 02 consumption, and respiration
control rate. The efficiency of electron transport chains
declines with age, which hinders ATP synthesis and makes
it so that old seeds can't produce enough ATP to germinate.
Mitochondrial stress causes an energy deprivation signal,
which in turn causes extensive changes to gene expression
in both the organelles and the nucleus.

10. Ucleic acid damage in seed deterioration

10.1 Nucleic acid damage during seed ageing and
deterioration: mechanisms, evidence and implications
Seed deterioration is a complicated and inescapable
biological process, characterized by a progressive loss of
viability and vigor over time (McDonald, 1999). Though
protein oxidation and lipid peroxidation are well recognized
as indications of seed aging, multiple study findings point to
nucleic acid damage as a critical component regulating seed
longevity (Kranner et al., 2010; Rajjou & Debeaujon, 2008)
(98,991 DNA and RNA integrity are essential for germination
because they protect genetic stability and aid in the
translation of proteins essential for metabolic activity.
Nonetheless, the dryness of seeds, along with oxidative
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stress and poor storage conditions, exposes nucleic acids to
various factors that affect their activity.

10.2 Types of nucleic acid damage

Nucleic acids are damaged in various ways during seed
storage, which effects seed longevity. DNA is primarily
affected by oxidative stress and hydrolytic reactions, which
cause strand breaks, a basic site, base modifications such as
8-hydroxy-2'-deoxyguanosine (8- o0x0-dG) and DNA-
protein crosslinks, all of which impair replication,
transcription and repair processes (Bailly, 2004; Cheah &
Osborne, 1978) [1%. 1011 RNA, in contrast is more unstable
due to its single-stranded structure, making it extremely
sensitive to fragmentation, ribose oxidation and base
changes (Walters, 2015; Fleming et al., 2017) [102 103],
Degradation of stored mRNAs is highly associated with
decreased seed vigor because many of these MRNAs code
for proteins necessary for germination (Rajjou et al., 2004;
Basra et al., 2003) [104 1051, Comparative research shows that
whereas RNA degrades quickly under storage stress, as
shown in soybean and cereal seeds DNA is more robust and
frequently shielded by chromatin structure (Ventaka Rao et
al., 1987; Gomes et al., 2019; Cheah & Osborne, 1978) [1%
107, 1081 According to (Kranner et al., 2011) 9 RNA
degradation is an early and sensitive indicator of viability
loss, whereas DNA damage often happens later in the
ageing process.

10.3 Indirect Mechanisms of Nucleic Acid Damage
Nucleic acid damage during seed ageing is also largely
caused by indirect methods. As by- products of lipid
peroxidation, high levels of malondialdehyde (MDA) and
free fatty acids build up in soyabean genotypes that stores
poorly. The reactive aldehydes that are produced can
covalently bind to DNA bases and hinder DNA repair
enzymes like DNA ligase (Gomes et al., 2013) [l
According to Fleming et al., (2017) M4, reducing sugars
also undergo Maillard reactions with proteins and nucleic
acids, producing advanced glycation end products (AGEs)
that destabilize RNA, cross link nucleic acids and further
impair DNA repair capacity. Furthermore, enzyme
imbalances are important because low storability seeds with
high lipoxygenase (LOX II) activity encourage the
production of hydroperoxides and aldehydes that harm
nucleic acids directly or indirectly. In contrast, genotypes
with higher antioxidant enzyme activity can limit these
oxidative cascades and better maintain genomic integrity
(Bailly, 2004; Gomes et al., 2013) [100. 1161,

10.4 Protective Mechanisms of Nucleic acid Stability

Mechanisms of Nucleic acid stability protection several
defence mechanisms found in seeds aid in preserving the
integrity of nucleic acids while they are being they are
stored. In order to limit the accumulation of reactive oxygen
species (ROS) and protect genetic material antioxidant
defence systems which include enzymatic antioxidants like
superoxide dismutase (SOD), catalase (CAT), ascorbate
peroxidase (APX) and glutathione reductase (GR) as well as
non-enzymatic compounds like ascorbic acids, tocopherols,
carotenoids and flavonoids are essential. Good storing
soyabean genotypes exhibit particularly strong antioxidant
activity (Bailly, 2004; Kranner et al., 2010; Gomes et al.,
2013) [200. %, 116] - Fyrthermore, as demonstrated in Moringa
oleifera seeds, where the accumulation of non- reducing
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sugars such as sucrose and raffinose-family oligosaccharides
create a cytoplasmic glassy matrix that prevents oxidative
and hydrolytic damage, dessication tolerance also helps to
protect nucleic acids. Furthermore, late embryogenesis
abundant (LEA) help to stabilize nucleic acids during
dehydration (Hoekstra et al., 2001; Hundertmark & Hincha,
2008) 1121131 Seed life also influenced by mineral nutrition,
magnesium increases storability by reducing oxygen
transport, improving membrane stability and indirectly
reducing ROS formation, providing nucleic acids with more
protection.

10.5Comparative Insights across Plant Systems

Studies on soybeans studies shows that RNA degradation
limits germination, more than DNA damage and that RNA
stability is directly related to seed viability. While poor
storers accumulate aldehydes and lose enzymatic protection.
Excellent storers preserves antioxidant defences (Gomes et
al., 2013) 1181, As an example of how strategies techniques
might jeopardize nucleic acid stability, seed priming in rice
increases vigor and germination but predisposes seeds to
nucleic acid oxidation and poor DNA repair (Kranner et al.,
2011) 2101,

Seed deterioration of nucleic acids is a major cause of seed
ageing. While RNA is more delicate and degrades more
quickly than DNA it is more susceptible to oxidative and
aldehyde-induced damage as antioxidant defences wane
(Gomes et al., 2013; Kranner et al., 2011) [116. 1101 Although
reactive functions across species are still unclear, protective
mechanisms that protect nucleic acids include enzymatic
and non-enzymatic antioxidants, non-reducing sugars, late
embryogenesis abundant (LEA) proteins and mineral
balance (Bailly, 2004) 200,

11.Practical approaches to overcome seed deterioration,
improve seed performance and its longevity
11.1Seed Priming

The storage of orthodox seeds under low-temperature, dry,11.

and oxygen-free conditions can effectively delay seed
deterioration, while seed priming technology can restore the
vigor of aged seeds. Seed priming is a controlled hydration
technique where seeds are partly hydrated to allow
metabolic events to occur without germination and are then
re-dried to permit routine handling (Bradford, 1986) [,
Seed priming enables seeds to complete preparatory
processes for germination, such as enzyme activation, DNA
repair, and membrane system restoration, promoting rapid
and synchronized germination under favorable conditions.
This enhances seedling emergence and establishment rates
(Paparella 2015) 81, Primed seeds usually have higher and
synchronized germination (Farooq et al., 2009) 1 owing to
simply a reduction in the lag time of imbibition taking place,
build-up of germination-enhancing metabolites (Farooq et
al., 2006) [*31 metabolic repair during imbibition and
osmotic adjustment (Bradford, 1986) . Priming of seeds
has been reported to reverse some of the aging-induced
deteriorative events and thus improve seed performance
(Taylor et al., 1998) * through repairing the age-related
cellular and sub-cellular damage (proteins, RNA, and DNA)
of low-vigor seeds that might have accumulated during seed
development (Koehler et al., 1997) %1, Many seed priming
treatments have been used to reduce the damage of aging
and improve their performance in many crops (Farooq et al.,
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2009) °4, Current seed priming methods are hydro-priming,
osmo-priming, chemo-priming, solid-matrix  priming,
phytohormonal priming, bio-priming, nutrition- priming,
nano-priming, and physical priming. Every technique has
unique benefits: Although water priming is inexpensive and
pollution-free, it could cause uneven germination; Osmotic
priming successfully stops severely degraded seeds from
germinating too soon; Solid-matrix priming supplies
nutrients and regulates the development environment; Plant
hormone priming improves antioxidant defences and is
more effective at repair than water priming; Microbial
metabolites are used in biological priming to preserve
membrane integrity, repair damaged membranes, and lessen
electrolyte leakage; Through the use of nanoparticles, nano-
priming reduces lipid peroxidation, activates antioxidant
mechanisms, neutralises ROS through surface-active sites,
penetrates seed coats, and delivers trace nutrients to
embryos. Osmopriming in safflower (Carthamus tinctorius
L.) with CaCl2 for 6h improved antioxidant enzyme activity
and germination rate.When soybean (Glycine max L.) is
subjected to hormone priming using SA hormone for 8h, an
increase in enzyme activity and a reduction in
malondialdehyde (MDA) content are observed.(Nazari et al
2020) [ Bio- priming, which integrates beneficial
microbes like the novel strain SH-8, activates systemic
resistance and nutrient solubilization, improving drought
tolerance by 20% in wheat.

11.2 Addition of plant growth regulators

The exogenous application of plant growth regulators like
GA3, Kinetin, ABA, and Indole-3- butyric acid prior to
storage has been found to retard seed deterioration and
maintain seed vigor and germination (Choudhury et al,
2023) %01,

12. Conclusion

Seed deterioration is a complex process that depends on
biochemical changes such as lipid peroxidation, oxidative
stress and loss of antioxidant defences which together
damage membrane integrity, energy production and
genomic stability, ultimately resulting in loss of seed
viability and vigor. These mechanisms have been observed
in some diverse crops such as soybean, rice, sweetcorn and
moringa, highlighting the challenges in maintaining seed
quality during storage and ageing. Biochemical indicators
like antioxidant enzyme decline, malondialdehyde
accumulation provide critical results for minimizing seed
deterioration. So, practical approaches such as controlled
storage conditions, seed priming and application of plant
growth regulators have shown minor detrimental changes.
However, the results differ based on genotype and treatment
method. In summary, knowledge of biochemical pathways
clarifies the mechanisms underlying seed aging and enables
implementation of specialized strategies to maintain seed
viability and improve storage life.

Disclaimer (artificial intelligence)

The author(s) hereby declare they have not used generative
Al technologies such as Large Language Models (Chat
GPT, COPILOT, etc.) and text-to-image generators while
writing or editing manuscripts.

~ 1940~


https://www.biochemjournal.com/

International Journal of Advanced Biochemistry Research

Acknowledgements

The Author(s) express their sincere gratitude to the Principal
Scientist (Biochemistry), ARI, Rajendranagar, PJTAU,
Hyderabad, and seniors for their enormous support.

Competing interests
The author (s) declared that no conflict of interest exists.

References

1. Abdalla FH, Roberts EH. Effects of temperature,
moisture and oxygen on the induction of chromosome
damage in seeds of Hordeum vulgare, Vicia faba and
Pisum sativum during storage. Ann Bot. 1968;32:119-
136.

2. Abdul-Baki AA, Anderson JD. Vigor determination in
soybean seed by multiple criteria. Crop Sci.
1973;13:630-633.

3. Abreu LAD, Carvalho MLM, Pinto CAG, Kataocka VY,
Silva TTD. Deterioration of sunflower seeds during
storage. J Seed Sci. 2013;35(2):240-247.

4, Aebi H. Catalase in vitro. Meth Enzymol.
1984;105:121-126.

5. Amako K, Chen GX, Asada K. Separate assays specific
for ascorbate peroxidase and guaiacol peroxidase and
for the chloroplastic and cytosolic isozymes of
ascorbate peroxidase in plants. Plant Cell Physiol.
1994,35:497-504.

6. Anderson JD, Baker JE. Deterioration of seeds during
ageing. Phytopathology. 1983;73:321-325.

7. Anwar F, Bhanger MI. Analytical characterization of
Moringa oleifera seed oil grown in temperate regions of
Pakistan. J Agric Food Chem. 2003;51:6558-6563.

8. AOAC. Official Methods of Analysis of the
Association  of  Official  Analytical Chemists.
Washington, DC: American Chemical Society; 1990.

9. Arnon DI. Copper enzymes in isolated chloroplasts.
Polyphenol oxidase in Beta vulgaris. Plant Physiol.
1949;24:1-15.

10. Bailly C, Bogatek-Leszczynska R, Céme D, Corbineau
F. Changes in activities of antioxidant enzymes and
lipoxygenase during growth of sunflower seedlings
from seeds of different vigour. Seed Sci Res.
2002;12(1):47-55.

11. Ballesteros D, Walters C. Solid-state biology and seed
longevity: a mechanical analysis of glasses in Pisum
sativum and Glycine max embryonic axes. Front Plant
Sci. 2019;10:920.

12. Bancessi A, Pinto MMF, Duarte E, Catarino L,
Nazareth T. The antimicrobial properties of Moringa
oleifera Lam. for water treatment: a systematic review.
SN Appl Sci. 2020;2:1-17.

13. Baud S, Boutin JP, Miquel M, Lepiniec L, Rochat C.
An integrated overview of seed development in
Arabidopsis thaliana ecotype WS. Plant Physiol
Biochem. 2002;40:151-160.

14. Beers RF, Sizer IW. A spectrophotometric method for
measuring the breakdown of hydrogen peroxide by
catalase. J Biol Chem. 1952;195:133-140.

15. Berjak P, Pammenter NW. From Avicennia to Zizania:
seed recalcitrance in  perspective. Ann Bot.
2008;101:213-228.

16. Bhatia VS, Bhathagar PS, Joshi OP. Screening of
Indian soybean genotypes for seed longevity as affected

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

~ 1941~

https://www.biochemjournal.com

by field weathering. Soybean Genet Newslett.
1996;23:102-104.

Bradford MM. A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal Biochem.
1976;72:248-254.

Brar NS, Kaushik P, Dudi BS. Assessment of natural
ageing related physio-biochemical changes in onion
seed. Agriculture. 2019;9:163.

Calucci L, Capocchi A, Galleschi L, Ghiringhelli S,
Pinzino C, Saviozzi F, et al. Antioxidants, free radicals,
storage proteins, puroindolines, and proteolytic
activities in bread wheat (Triticum aestivum) seeds
during accelerated aging. J Agric Food Chem.
2004;52:4274-4281.

Castillo FI, Penel I, Greppin H. Peroxidase release
induced by ozone in Sedum album leaves. Plant
Physiol. 1984;74:846-851.

Catusse J, Meinhard J, Job C, Strub JM, Fischer U,
Pestsova E, et al. Proteomics reveals potential
biomarkers of seed vigor in sugarbeet. Proteomics.
2011;11:1495-1507.

Caverzan A, Giacomin R, Miller M, Biazus C, Langaro
NC, Chavarria GL. How does seed vigor affect soybean
yield components. Agron J. 2018;110:1318-1327.
Chang SM, Sung JM. Deteriorative changes in primed
sweet corn seeds during storage. Seed Sci Technol.
1998;26:613-626.

Chen CH. Detoxifying metabolism: detoxification
enzymes. In:  Xenobiotic metabolic  enzymes:
bioactivation and antioxidant defense. Cham: Springer
International Publishing; 2020. p. 71-81.

Chiu KY, Chen CL, Sung JM. Partial vacuum storage
improves the longevity of primed sh-2 sweet corn
seeds. HortScience. 2003;38:765-768.

Copolovici L, Kéannaste A, Remmel T, Niinemets U.
Volatile emissions from Alnus glutinosa induced by
herbivory are quantitatively and qualitatively modified
by drought. J Plant Interact. 2014;61:123-132.

Couée I, Sulmon C, Goueshet G, EI Amrani A.
Involvement of soluble sugars in reactive oxygen
species balance and responses to oxidative stress in
plants. J Exp Bot. 2006;57:449-459.

da Silva MF, Soares JM, Xavier WA, dos Santos Silva
FC, da Silva FL, da Silva LJ. The role of the
biochemical composition of soybean seeds in the
tolerance to deterioration under natural and artificial
aging. Heliyon. 2023;9(12):e22763.

Delelegn A, Sahile S, Husen A. Water purification and
antibacterial efficacy of Moringa oleifera Lam. Agric
Food Secur. 2018;7:25.

Delouche JC, Gill NS. Deterioration of seed corn
during storage. Proc Assoc Off Seed Anal. 1973;63:33-
50.

Dos Santos RF, Gomes-Junior FG, Marcos-Filho J.
Morphological and physiological changes during
maturation of okra seeds evaluated through image
analysis. Sci Agric. 2020;77:1-9.

DuBois M, Gilles K, Hamilton JK, Rebers PA, Smith F.
A colorimetric method for the determination of sugars.
Nature. 1951;168:167.

DuBois M, Gilles KA, Hamilton JK, Rebers PA, Smith
F. Colorimetric method for determination of sugars and
related substances. Anal Chem. 1956;28:350-356.


https://www.biochemjournal.com/

International Journal of Advanced Biochemistry Research

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

Ebone LA, Caverzan A, Chavarria G. Physiologic
alterations in orthodox seeds due to deterioration
processes. Plant Physiol Biochem. 2019;145:34-42.
Eisvand HR, Tavakkolafshari R, Sharifzadeh F, Arefi
HM, Hejazi SMH. Effects of hormonal priming and
drought stress on activity and isozyme profiles of
antioxidant enzymes in deteriorated seed of tall
wheatgrass (Agropyron elongatum). Seed Sci Technol.
2010;38:280-297.

Ellis RH, Hong TD, Roberts EH. Seed moisture
content, storage, viability and vigor. Seed Sci Res.
2008;1:275-279.

Fatima F, Khalid E, Afzal I, Usman M, Nadeem MA,
Kamran M. Evaluation of cotton (Gossypium hirsutum)
seed longevity and deterioration: physiological and
biochemical aspects in relation to moisture contents
during storage in different module systems. J Stored
Prod Res. 2025;111:102553.

Felton GW, Summers CB. Antioxidant systems in
insects. Arch Insect Biochem Physiol. 1995;29:187-
197.

Feng J, Zhao Z, Liu H, Wang H, Li J. Effects of seed
moisture content and storage condition on Platycodon
grandiflorum seed quality. Guizhou Agric Sci.
2017;45:1-5.

Ferguson JM, Tekrony DM, Egli DB. Changes during
early soybean seed and axes deterioration. Crop Sci.
1990;30:179-182.

Finch-Savage WE, Bassel GW. Seed vigour and crop
establishment:  extending  performance  beyond
adaptation. J Exp Bot. 2016;67:567-591.

Fleming MB, Richards CM, Walters C. Decline in RNA
integrity of dry-stored soybean seeds correlates with
loss of germination potential. J Exp Bot. 2017;68:2219-
2230.

Fotouo-M H, Vorster J, du Toit ES, Robbertse PJ. The
effect of natural long-term packaging methods on
antioxidant components and malondialdehyde content
and seed viability Moringa oleifera oilseed. S Afr J Bot.
2020;129:17-24.

Foyer CH, Noctor G. Oxidant and antioxidant signaling
in plants: a re-evaluation of the concept of oxidative
stress in a physiological context. Plant Cell Environ.
2005;28:1056-1071.

Fu Y, Ahmed Z, Diederichsen A. Towards a better
monitoring of seed ageing under ex situ seed
conservation. Conserv Physiol. 2015;3:cov026.

Garcia IS, Souza A, Barbedo CJ, Dietrich SM,
Figueiredo RCL. Changes in soluble carbohydrates
during storage of Caesalpinia echinata LAM.
(Brazilwood) seeds, an endangered leguminous tree
from the Brazilian Atlantic Forest. Braz J Biol.
2006;66:739-745.

Gill SS, Tuteja N. Reactive oxygen species and
antioxidant machinery in abiotic stress tolerance in crop
plants. Plant Physiol Biochem. 2010;48:909-930.
Gillespie MAK, Forrest JRK, Memmott J. The role of
pollinator interactions in determining the resilience of
plants to environmental change. Annu Rev Ecol Evol
Syst. 2016;47:361-388.

Gold K, Hay F. Identifying desiccation-sensitive seeds.
Millennium Seed Bank Project, Kew, Technical
Information Sheet-104. 2008.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

~ 1942~

https://www.biochemjournal.com

Gopalakrishnan L, Doriya K, Kumar DS. Moringa
oleifera: a review on nutritive importance and its
medicinal application. Food Sci Hum Wellness.
2016;5:49-56.

Goyoagaa C, Burbano C, Cuadrado C. Content and
distribution of protein, sugars and inositol phosphates
during the germination and seedling growth of two
cultivars of Vicia faba. J Food Compos Anal.
2011;24:391-397.

Gupta N, Chinnappa M, Singh PM, Kumar R, Sagar V.
Determination of the physio-biochemical changes
occurring during seed development, maturation, and
desiccation tolerance in Moringa oleifera Lam. S Afr J
Bot. 2022;144:430-436.

Havir EA, McHale NA. Biochemical and
developmental characterization of multiple forms of
catalase in tobacco leaves. Plant Physiol. 1987;84:450-
455.

He X, Gao S. Changes of antioxidant enzyme and
phenylalanine  ammonia-lyase  activities  during
Chimonanthus praecox seed maturation. Z Naturforsch
C. 2008;63:569-573.

Hendry GAF. Oxygen, free radical processes and seed
longevity. Seed Sci Res. 1993;3:141-153.

Hoekstra FA, Golovina EA, Buitink J. Mechanisms of

plant desiccation tolerance. Trends Plant Sci.
2001;6:431-438.
Howe GA, Jander G. Plant immunity to insect

herbivores. Annu Rev Plant Biol. 2008;59:41-66.
Hussain S, Khan F, Hussain H, Nie L. Physiological
and biochemical mechanisms of seed priming-induced
chilling tolerance in rice cultivars. Front Plant Sci.
2016;7:116.

Jactel H, Koricheva J, Castagneyrol B. Responses of
forest insect pests to climate change: not so simple.
Curr Opin Insect Sci. 2021;47:93-100.

Jalink H, van der Schoor R, Birnbaum YE, Bino RJ.
Seed chlorophyll content as an indicator for seed
maturity and seed quality. Acta Hortic. 1999;504:219-
228.

Jamieson MA, Trowbridge AM, Raffa KF, Lindroth
RL. Consequences of climate warming and altered
precipitation patterns for plant—insect and multitrophic
interactions. Plant Physiol. 2012;160:1719-1727.
Kibinza S, Vinel D, Céme D, Bailly C, Corbineau F.
Sunflower seed deterioration as related to moisture
content during ageing, energy metabolism and active
oxygen  species  scavenging.  Physiol  Plant.
2006;128:496-506.

Kittock DL, Law AG. Relationship of seedling vigor to
respiration and tetrazolium chloride reduction by
germinating wheat seeds. Agron J. 1968;60:286-288.
Kurek K, Plitta-Michalak B, Ratajczak E. Reactive
oxygen species as potential drivers of the seed aging
process. Plants. 2019;8:174.

Ebone LA, Caverzan A, Chavarria G. Physiologic
alterations in orthodox seeds due to deterioration
processes. Plant Physiol Biochem. 2019;145:34-42.

Yin G, Xin X, Song C, Chen X, Zhang J, Wu S, et al.
Activity levels and expression of antioxidant enzymes
in the ascorbate-glutathione cycle in artificially aged
rice seed. Plant Physiol Biochem. 2014;80:1-9.

Mittler R. ROS are good. Trends Plant Sci. 2017;22:11-
19.


https://www.biochemjournal.com/

International Journal of Advanced Biochemistry Research

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Gill SS, Tuteja N. Reactive oxygen species and
antioxidant machinery in abiotic stress tolerance in crop
plants. Plant Physiol Biochem. 2010;48:909-930.
Ratajczak E, Malecka A, Bagniewska-Zadworna A,
Kalemba EM. The production, localization and
spreading of reactive oxygen species contributes to the
low vitality of long-term stored common beech (Fagus
sylvatica) seeds. J Plant Physiol. 2015;174:147-156.
Ebone LA, Caverzan A, Silveira DC, Siqueira LDO,
Langaro NC, Chiomento JLT, et al. Biochemical profile
of the soybean seed embryonic axis and its changes
during accelerated aging. Biology. 2020;9:186.
Ratajczak E, Malecka A, Ciereszko |, Staszak AM.
Mitochondria are important determinants of the aging
of seeds. Int J Mol Sci. 2019;20:1568.

Kurek K, Plitta-Michalak B, Ratajczak E. Reactive
oxygen species as potential drivers of the seed aging
process. Plants. 2019;8:174.

Fu YB, Ahmed Z, Diederichsen A. Towards a better
monitoring of seed ageing under ex situ seed
conservation. Conserv Physiol. 2015;3:cov026.
Gaschler MM, Stockwell BR. Lipid peroxidation in cell
death. Biochem Biophys Res Commun. 2017;482:419-
425,

Yao R, Liu H, Zhao G, Wang J, Wang Q, Dong K, et al.
Effects of seed storage time on seed germination and
cytological structure of covered oats and naked oats.
Acta Prataculturae Sin. 2024;33:154.

Tsikas D. Assessment of lipid peroxidation by
measuring malondialdehyde (MDA) and relatives in
biological samples: analytical and biological
challenges. Anal Biochem. 2017;524:13-30.

Yao R, Liu H, Zhao G, Wang J, Wang Q, Dong K, et al.
Effects of seed storage time on seed germination and
cytological structure of covered oats and naked oats.
Acta Prataculturae Sin. 2024;33:154.

Matecka A, Ciszewska L, Staszak A, Ratajczak E.
Relationship between mitochondrial changes and seed
aging as a limitation of viability for the storage of beech
seed (Fagus sylvatica). PeerJ. 2021;9:e10569.

Suresh A, Shah N, Kotecha M, Robin P. Evaluation of
biochemical and physiological changes in seeds of
Jatropha curcas under natural aging, accelerated aging
and saturated salt accelerated aging. Sci Hortic.
2019;255:21-29.

Vijayakumar HP, Vijayakumar A, Srimathi P,
Somasundaram G, Prasad SR, Natarajan S, et al.
Biochemical changes in naturally aged seeds of soybean
genotypes with good and poor storability. Legume Res.
2019;42:782-788.

Matthews S, Powell A. Electrical conductivity vigour
test: physiological basis and use. Seed Test Int.
2006;131:32-35.

Kim DH, Han SH, Song JH. Evaluation of the inorganic
compound leakage and carbohydrates as indicator of
physiological potential of Ulmus parvifolia seeds. New
For. 2010;41:3-11.

Salam MA, Haque MM, Islam MO, Uddin MN, Haque
MN. Biochemical changes in seeds of five cotton
genotypes stored in different packaging materials at
ambient condition. Adv Plants Agric Res. 2018;8:207-
211.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

https://www.biochemjournal.com

Abreu LAD, Carvalho MLM, Pinto CAG, Kataoka VY,
Silva TTD. Deterioration of sunflower seeds during
storage. J Seed Sci. 2013;35:240-247.

Bradford KJ. Manipulation of seed water relations via
osmotic priming to improve germination under stress
conditions. HortScience. 1986;21:1105-1112.

Paparella S, Aradjo SS, Rossi G, Wijayasinghe M,
Carbonera D, Balestrazzi A. Seed priming: state of the
art and new perspectives. Plant Cell Rep.
2015;34:1281-1293.

Tonguc M, Giler M, Onder S. Germination, reserve
metabolism and antioxidant enzyme activities in
safflower as affected by seed treatments after
accelerated aging. S Afr J Bot. 2023;153:209-218.
Nazari R, Parsa S, Tavakkol Afshari R, Mahmoodi S,
Seyyedi SM. Salicylic acid priming before and after
accelerated aging process increases seedling vigor in
aged soybean seed. J Crop Improv. 2020;34:218-237.
Shaffique S, Imran M, Kang SM, Khan MA, Asaf S,
Kim WC, et al. Seed bio-priming of wheat with a novel
bacterial strain to modulate drought stress in Daegu,
South Korea. Front Plant Sci. 2023;14:1118941.
Choudhury A, Bordolui SK. Concept of seed
deterioration:  reason, factors, changes during
deterioration and preventive measures to overcome seed
degradation. Am Int J Agric Stud. 2023;7:41-56.

Farooq M, Basra SMA, Wahid A, Ahmad N, Saleem
BA. Improving the drought tolerance in rice (Oryza
sativa) by exogenous application of salicylic acid. J
Agron Crop Sci. 2009;195:237-246.

Brocklehurst PA, Dearman J. Interaction between seed
priming treatments and nine seed lots of carrot, celery
and onion. 1l. Seedling emergence and plant growth.
Ann Appl Biol. 1983;102:583-593.

Faroog M, Basra SMA, Rehman H. Seed priming
enhances the emergence, yield, and quality of direct-
seeded rice. Int Rice Res Notes. 2006;31:42-44.

Taylor AG, Allen PS, Bennett MA, Bradford KJ, Burris
JS, Misra MK. Seed enhancements. Seed Sci Res.
1998;8:245-256.

Koehler KH, Voigt B, Spittler H, Schelenz M.
Biochemical events after priming and osmoconditioning
of seeds. In: Ellis RH, Black M, Murdoch AJ, Hong
TD, editors. Basic and applied aspects of seed biology.
New York: Springer; 1997. p. 531-536.

Black M, Murdoch AJ, Hong TD. Basic and applied
aspects of seed biology. New York: Springer; 1997.
McDonald M. Seed deterioration: physiology, repair
and assessment. Seed Sci Technol. 1999;27:177-237.
Kranner |, Minibayeva FV, Beckett RP, Seal CE. What
is stress? Concepts, definitions and applications in seed
science. New Phytol. 2010;188:655-673.

Rajjou L, Debeaujon I. Seed longevity: survival and
maintenance of high germination ability of dry seeds. C
R Biol. 2008;331:796-805.

100.Bailly C. Active oxygen species and antioxidants in

seed biology. Seed Sci Res. 2004;14:93-107.

101.Cheah KS, Oshorne DJ. DNA lesions occur with loss of

viability in embryos of ageing rye seed. Nature.
1978;272:593-599.

102.Walters C. Orthodoxy, recalcitrance and in-between:

~ 1943~

describing variation in seed storage characteristics
using threshold responses to water loss. Planta.
2015;242:397-406.


https://www.biochemjournal.com/

International Journal of Advanced Biochemistry Research

103.Fleming MB, Richards CM, Walters C. Decline in RNA
integrity of dry-stored soybean seeds correlates with
loss of germination potential. J Exp Bot. 2017;68:2219-
2230.

104.Rajjou L, Gallardo K, Debeaujon I, Vandekerckhove J,
Job C, Job D. The effect of a-amanitin on the
Arabidopsis seed proteome highlights the distinct roles
of stored and neosynthesized mRNAs during
germination. Plant Physiol. 2004;134:1598-1613.

105.Basra SMA, Ahmad N, Khan MM, Igbal N, Cheema
MA. Assessment of cottonseed deterioration during
accelerated ageing. Seed Sci Technol. 2003;31:531-
540.

106.Rao NK, Roberts EH, Ellis RH. Loss of viability in
lettuce seeds and the accumulation of chromosome
damage under different storage conditions. Ann Bot.
1987;60:85-96.

107.Gomes E, Shorter J. The molecular language of
membraneless organelles. J Biol Chem. 2019;294:7115-
7127.

108.Cheah KS, Osborne DJ. DNA lesions occur with loss of
viability in embryos of ageing rye seed. Nature.
1978;272:593-599.

109.Bewley JD, Black M. Seeds: germination, structure, and
composition. In: Seeds: physiology of development and
germination. Boston, MA: Springer; 1994. p. 1-33.

110.Kranner I, Chen H, Pritchard HW, Pearce SR, Birti¢ S.
Inter-nucleosomal DNA fragmentation and loss of RNA
integrity during seed ageing. Plant Growth Regul.
2011;63:63-72.

111.Fleming MB, Richards CM, Walters C. Decline in RNA
integrity of dry-stored soybean seeds correlates with
loss of germination potential. J Exp Bot. 2017;68:2219-
2230.

112.Hoekstra FA, Golovina EA, Buitink J. Mechanisms of
plant desiccation tolerance. Trends Plant Sci.
2001;6:431-438.

113.Hundertmark M, Hincha DK. LEA (late embryogenesis
abundant) proteins and their encoding genes in
Arabidopsis thaliana. BMC Genomics. 2008;9:118.

114.Demirkaya M, Dietz KJ, Sivritepe HO. Changes in
antioxidant enzymes during ageing of onion seeds. Not
Bot Horti Agrobo. 2010;38:49-52.

115.Bewley JD, Black M. Seeds: germination, structure, and
composition. In: Seeds: physiology of development and
germination. Boston, MA: Springer; 1994. p. 1-33.

116.Gomes M, Garcia Q. Reactive oxygen species and seed
germination. Biologia. 2013;68:351-357.

~ 1944~

https://www.biochemjournal.com



https://www.biochemjournal.com/

