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Introduction

Seed germination is one of the most susceptible stages in the plant life cycle and seed germination success determines early
establishment of seedlings, plant fitness and ultimately agricultural productivity. The rising incidence of abiotic stresses
including drought, salinity, extreme temperatures and contamination by heavy metals has heightened the global concern
about lowered rate of germination and poor performance of crops. These environmental constraints, in turn, often modify
seed metabolic processes, water absorption, enzymatic process and hormonal balance in a complex fashion that spells out
barriers from germination uniformity. Several studies have shown that germination is tightly controlled by a combined effect
of internal seed traits and external environmental cues, and that plants have evolved very specific forms of adaptation which
allow germination in less than optimal conditions (Bewley et al., 2013). Because climate change is expected to increase stress
episodes, comparative germination responses of species have become increasingly important to understand (Zhao et al.
2020).

Drought is one of the most well known of these abiotic stresses to seed germination. Water scarcity severely restricts
imbibition, enzymatic activation and describes an interruption of reserve mobilisation. Seeds of drought-tolerant species will
often accumulate osmoprotectants, proline, glycine betaine and soluble sugars, which can allow this water to be retained and
turgor maintained in the early stages of germination (Farooq et al., 2017). In many of the xerophytic plants, the seed coats are
structurally adapted to reduce water loss while others use mechanisms of reactive oxygen species regulation via increased
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antioxidant activity. ABA-GA crosstalk is reported to play a central role in germination decision made in drought condition,
where DTS can exceptionally maintain lower levels of ABA, or accelerate their biosynthesis of Ga, ensuring radicle emergence
despite the water-deficit conditions (Nambara & Marion-Poll, 2005). These physiological traits highlight differences within
species with the domesticated crops generally showing lower levels of drought tolerance than their wild relatives due to the
selection pressures of breeding programmes that have focused on yield but not on stress tolerance (Valliyodan & Nguyen,
2006).

However, salinity is another limiting factor that influences germination as a result of osmotic stress and ion toxicity. Seed
germination under saline conditions is commonly inhibited because of the difficulty in water uptake and the buildup of toxic
concentration of Na+ and Cl- ions in the embryo tissues. Halophytes however, show great tolerance in taking up ions
selectively, compartmentalization of salt in the vacuole cell and increased synthesis of compatible solutes against the osmotic
stress (Flowers and Colmer 2015). Glycophytes like wheat and rice have often been found to have lower germination
percentages under salinity but halophytic species like Salicornia, Atriplex, etc retain their germination rates even at high
saline levels due to the ability of these species to regulate ion transporters such as HKT1, NHX1 (Munns & Tester, 2008).
Comparative studies have shown that seeds of halophytes also contain powerful antioxidant systems which are capable to
neutralize salinity induced oxidative damage at a higher level than traditional crop species. The existence of highly permeable
seed coats and salt-exclusion mechanisms adds further to these adaptation strategies, which pervasive the great interspecific
variation in the occurrence of germination strategies under saline stress.

Temperature extremes - as much heat as cold - present additional problems in germination. High temperatures often cause
proteins to denature, are lethal to stability of the membrane structure, and affect cell homeostasis, while cold temperatures
slow down the metabolism and delay germination. Thermotolerant species (e.g. pearl millet and sorghum) have developed
heat-shock proteins that shield the cellular machinery when germinating in heat stress (Wahid et al., 2007). In contrast, the
level of cryoprotectants accumulated by cold tolerant species, such as barley and Arabidopsis, consists of specific sugars and
dehydrins that stabilize the membrane. The involvement of phytohormones in the process of temperature-controlled
germination is especially important because heat stress usually causes the accumulation of ABA, while cold stress induces
ethylene production that may counteract the inhibitory effects of ABA (Kendall et al., 2011). Comparative assessments indicate
that the domesticated crops differ considerably from each other in terms of thermal germination limits and due to
unpredictable weather conditions, the development of temperature hardy crops is obtaining importance through breeding.

Heavy metal stress (resulting from the accumulation of cadmium, lead, arsenic and other toxic elements) also has significant
impact on germination. Metals disrupt DNA replication, enzymes and membranes. Seeds exposed to heavy metals normally
showed delayed germination or reduced radicle growth, although some hyperaccumulator plants showed tolerance through
heavy metal chelation, sequestration, and increased levels of antioxidants (Li et al., 2012). Comparative studies show that
seeds of Brassica species show a relatively higher tolerance capability to cadmium when compared with cereals and is
attributed in part to the efficiency of phytochelatin formation and vacuolar sequestration mechanism. These physiologic
differences indicate the genetic nature of variation in germination tolerance among families and genera.

In all types of stress we could say that antioxidant defense is a key survival mechanism. Germination of seeds is frequently
exposed to oxidative bursts as a result of metabolic activation, while stress factors also contribute to the increased subsequent
generation of reactive oxygen species. In tolerant species, various enzymes such as superoxide dismutase, catalase and
peroxidase enzymes are upregulated thus decreases cell damage occurs and metabolic integrity is maintained (Gill & Tuteja,
2010). Hormonal regulation of these antioxidant pathways interacts with these antioxidant pathways that, collectively,
regulate gene expression associated with stress signaling and reserve mobilization of ABA, GA, ethylene and jasmonates. The
integration of physiological and molecular mechanisms therefore provides the basis of differential stress tolerance between
and therefore among species.

Modern molecular approaches like transcriptomics, proteomics and metabolomics have helped in bringing more clarity in
comparative germination strategies by identifying the candidate genes responsible for tolerance. Salt-tolerant types of rice
should have for example an excess of genes with regard to osmotic balance and scavenging ROS adolescence germination
(Wang et al., 2018). Similarly, transcriptionally, drought-resistant genotypes of maize have unique patterns of activity in
certain transcription factors which control metabolic pathways necessary for the early establishment of the seedling. These
insights show a high level of intra- and interspecific genetic variability which can be implemented in crop improvement
programmes. Screening of wild relatives and landraces has received a surge of momentum as the value of these materials in
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breeding for the introduction of stress adaptive germination traits in high-yielding cultivars has become increasingly well
appreciated by breeders (Zhang et al., 2019). Such comparative research gives strong scientific basis for sustainable
agriculture especially in the areas with abiotic stress which severely limit establishment of crop.

Overall, the results of comparative analysis of seed germination strategies under abiotic stress show plant species use a wide
range of biochemical, physiological, molecular adjustments to assure successful germination under difficult environment. As
the abiotic stresses induced by climate change continue to worsen worldwide, knowledge of such adaptive strategies is
becoming particularly important not only to understand from an ecological point of view, but also to inform breeding
programmes with the aim of achieving food security.

Literature Review

Seed germination under abiotic stress has been widely investigated in ecological, physiological and molecular realms as
germination is a critical point in determining plant establishment and plant survival under adverse conditions. Wide
interspecific and intra-specific variation in germination responses is revealed by the literature, and is favorable due to
evolutionary history, habitat conditions, and genetic architecture. Researchers generally agree that abiotic stresses inhibit
activation of metabolism, interfere with water uptake, alter hormone signaling and induce oxidative damage but the amount
of inhibition depends on environmental variation across plant groups (Bewley et al., 2013). Comparative research has gained
more importance with the intensification of climatic stress in terms of frequency and magnitude, making more insight into
how different species of nature deal with drought, salinity, temperature extremes, and toxicity of metals come to the table.

One of the greatest documented constraints that stress drought negatively affects is the early parts of germination. Water
scarcity limits imbibition and hence reduces the turgor pressure needed for protrusion of the radicle. Nevertheless, species
differ greatly in their ability to survive exposure to low water potentials. Studies on legumes, desert shrubs and grasses which
are drought tolerant report that tolerant species accumulate osmolytes such as proline, soluble sugars and glycine betaine
which allow osmotic adjustment and maintenance of cellular hydration even under severely reduced water potentials (Farooq
et al., 2017). Wild barley, for example, have been reported in alleviating osmotic stress levels that totally prevent the
germination of the modern adaptation of cultivated barley due to its superior osmoprotectant production (Bagci et al., 2007).
Hormonal regulation is further a differentiating factor in the case of tolerant and sensitive species. Abscisic acid (ABA) has
been known to inhibit the germinating seed in drought while gibberellins (GA) are associated in causing reserve mobilization
and also the growth of the radicle. Drought tolerant species have also been shown to inhibit the biosynthesis genes of ABA
(NCED) and increase the expression of genes involved in the biosynthesis of guard cells (GA200x) which helps the plant
germinate despite limited moisture availability (Nambara & Marion-Poll, 2005). Comparisons between cultivated sorghum
and its wild relatives show greater flexibility of the ABA-GA relationship among wild species and are a source of greater
germination percentages under water-deficit conditions (Valliyodan & Nguyen, 2006). These results suggest that selection
during domestication could have decreased physiological plasticity so that many crops are more susceptible to drought during
the germination stage than are their wild relatives.

Salinity stress creates one more layer of complexity due to the presence of both osmotic stress and the ion toxicity.
Germination studies under saline conditions have always yielded drastic loss in percentage germination of most of the
glycophytes; however, halophytes exhibit exceptional tolerance because of unique physiological and structural characteristics.
Seeds of halophytic species including Atriplex and Salicornia have been found to retain germination capabilities even at high
concentrations of NaCl concentration because of their capacity to regulate Na+ and Cl- influx by increased transporter activity
including the HKT1-types and NHX1-types vacuolar antiporters (Munns & Tester, 2008). Halophytes also produce compatible
solutes at much higher rates such as pinitol and proline than glycophytes to achieve osmotic balance even under hypersaline
conditions (Flowers & Colmer, 2015). Another important feature of comparison is that of seed coat permeability. Halophytes
do have often seed coats that allow for exclusion of salt and or delay entry of water to prevent accumulation of toxic ions
during imbibition. On the contrary, salt sensitive cereals such as rice and wheat easily absorb ions thus leading to membrane
damage resulting in growth inhibition at early stages of germination (Jamil & Rha, 2007). Antioxidant capacity is also the
distinguishing factor: Typically, halophytes have reporter tools: high basic levels of catalase (CAT), peroxidase (POD) and
superoxide dismutase (SOD) which are used for the more effective elimination of salinity-induced reactive oxygen species
from the plant (Gill & Tuteja, 2010) compared to traditional crop species. Such comparative evidences highlight that
halophytes use an integrated strategy of germination tolerance including ion homeostasis, antioxidant system, and sensations
taking, which determines to them.
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Temperature variations - fluctuations in all the areas of heat and cold - have a powerful inhibitory effect also on germination
processes. Studies constantly livelihood that heat stress has the power to debilitate the function of membranes, destabilize
proteins and suppress important metabolic pathways. Thermotolerant species such as pearl millet, sorghum and some desert
annuals respond strongly because of the expression of heat-shock proteins (HSP70, HSP90) to protect the cellular machinery
in the early stages of germination (Wahid et al., 2007). Conversely, cold stress decreases the enzymatic action and slows the
metabolism often delaying or inhibiting germination. Species adapted to colder environments, e.g. barley, rye, and
Arabidopsis ecotypes from northern latitudes accumulate cryoprotective products, e.g. raffinose and dehydrins, that are
involved in stabilising cell structures under low temperature conditions (Kendall et al., 2011). Comparative studies have
discovered that cold-responsive transcription factors (CBF/DREB1) are strong genetic determiners of the variation in cold
germination ability between taxa. Importantly, often temperature stress interacts with the hormonal regulation. Heat stress
usually exaggerates ABA by synthesis thereby inhibiting germination, whereas cold stress usually induces enhanced ethylene
production, which can antagonize cells induced by ABA. Thus, species are not only different in the structural and metabolic
adaptations, but also in hormone balancing under thermal stress conditions. With growing inconsistency of global
temperature worldwide, such comparative strategies need to be understood more and more by crop breeding programs.

Heavy metal stress presents a different set of problems, depending on the type of metal used, e.g., cadmium, lead, and arsenic
interfere with enzymatic pathways, membrane integrity and cellular redox balance. Seeds of many crops including the ones
which work relatively well under drought and salinity are found to be very sensitive to higher metal levels. However, some
hyperaccumulator species such as Thlaspi, Alyssum, and Brassica have the ability to germinate better under the stress of
metals from their high production of phytochelatins and glutathione that chelate metals and reduce toxicity (Li et al., 2012).
Comparative experiment with cereal crop and Brassica species suggest that Brassica seeds have superior antioxidant activity
under cadmium stress condition that can able to regulate oxidative burst more effectively during germination (Hasan et al.,
2009). Some hyperaccumulators also compartmentalize the metals to vacuoles or cell walls providing a limit to their
interference with metabolic processes. These interspecific differences suggest the evolution of metal tolerance during
germination to be independent across different plant lineages, and is likely to be adaptive in response to natural
characterizations of contaminated or serpentine soils.

Across all forms of abiotic stress the involvement of oxidative stress and antioxidant defence becomes a general theme.
Germination naturally produces reactive oxygen species (ROS) as metabolism is awakened at a faster pace, however, abiotic
stresses result in excessive accumulation of ROS that can cause reactive damage to the DNA, lipids and proteins. Comparative
studies have consistently shown the following properties of stress-tolerant species: Amount of antioxidant enzymes (SOD,
CAT and ascorbate peroxidase (APX)), constituting part of the constitutive or inducible responses, that allow them to
maintain the redox balance during initial phases of germination (Gill & Tuteja, 2010). Additionally, molecules speaking of
osmolytes, e.g. proline and polyamines, exist as simultaneously an osmoprotectant and ROS scavenger. Proliferation of
understanding antioxidant systems and hormone signaling in a tight interaction is another and final distinction between a
tolerant and sensitive species. For instance, in salinity-tolerant rice genotypes, there is an early enhancement of antioxidant
gene expression with a reduced accumulation of ABA, and these enable faster and more uniform germination (Wang et al,,
2018).

Advances in molecular biology transcriptomics, proteomics and metabolomics has greatly enriched study of comparative
studies of stress-induced germination. Salt-tolerant varieties of rice (Phoekali and Nona borika) have distinct transcriptional
response including the upregulation of ion transporters, LEA proteins and ROS detoxifying enzymes as compared to
susceptible varieties (Zhang et al., 2019). Similarly, drought tolerant maize genotypes exhibit an increase in gene expression
of transcription factors such as DREB2A and NAC which are responsible for regulating downstream pathways of osmotic
balance and energy mobilisation during germination. Comparative genomic studies in halophytes, glycophytes, xerophytes
and crop wild relatives have consistently demonstrated that expanded gene family related to salt sequestration, osmolyte
biosynthesis and antioxidant activity is present in stress-tolerant species. These results show the promise in using the genetic
diversity of wild relatives in the improvement of crop germination under stress.

Overall, the literature uncovers a rich diversity of germination strategies between species, which is determined by ecological
pressures and evolutionary history. Comparative analyses result in no single mechanism explaining completely stress
tolerance, but rather tolerant species are based on integrated networks of mechanisms that involve osmotic adjustment, ion
homeostasis, hormonal regulation and antioxidant defense. As abiotic stresses become more severe under climate change
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conditions, the exploitation of such comparative studies gains importance in the attempt to develop crop varieties which may
germinate reliably under adverse environmental conditions.

Methodology

The research used the comparative, experimental and laboratory-based approach with a view to evaluating the seed
germination responses of some plant species under various abiotic stress conditions. The methodological approach was set up
to produce physiologically meaningful comparisons so as to avoid altering controlled environmental parameters. Seeds of four
representative populations, including glycophytes, halophytes, zero tolerant diamonds xerophytes and hyperaccumulator
species, were used to represent the natural variation in the germination approach. All the seeds were obtained from certified
research institutions, to ensure genetic purity and viability of the seeds. Prior to experimentation, seed was surface sterilized
with 1% sodium hypochlorite for three minutes and rinsed thoroughly with distilled water in an attempt to remove microbial
contamination which may affect seed germination outcome. Seed moisture content was standardized by equilibrating all
samples at 25C and 50% RH for 48 hr to reduce possible confounding effects involving initial water of hydration status.

Germination of was performed in controlled growth chambers where temperature, humidity and photoperiod were
independently regulated. For each species, four different abiotic stress treatments were used, these were drought, salinity,
temperature extremes and heavy metals stress. Drought was simulated with solutions of polyethylene glycol (PEG-6000)
adjusted to water potential of [?-0.3, [?-0.6, and [?-0.9 MPa (emplate) higher water potential), to widely accepted protocols
for the induction of osmotic stress. Salinity treatments were based on concentration of NaCl, 50, 100, 150 and 200 mM to
represent progressive osmotic and ionic stress. Temperature stress was applied in the form of alternating heat stress
(35/25degC) and cold stress (10/5degC) day and night temperature cycles. Heavy metal stress was applied by using cadmium
chloride (CdCl2); cadmium chloride which was added in concentration 50, 100 and 150 micromol/L, sublethal dose of
cadmium but physiologically challenging to grow the bacteria. Control groups for each species were kept in optimal
germination conditions, usually 250C with a sufficient supply of moisture and without further stressors.

Seeds were placed on moistened filter paper in sterile petri dishes, with each treatment replicated three times with 25 seeds
for each replicate, resulting in a good sample size that was capable of statistical comparisons. Germination was monitored
daily for fourteen days and a seed was considered to germinate when it had a radicle emergence of at least 2 millimeters.
Germination percentage, mean germination time, germination index and seedling vigor index were calculated based on
standard formulas recommended by the International Seed Testing Association. Alongside the metrics of germination,
physiological and biochemical parameters were also evaluated in order to put stress responses into context. Fresh and dry
seedling biomass were measured after oven drying samples at 7odeg C for 48 hours. Chlorophylls were extracted and
analyzed spectrophotometrically with acetone as extractant. Osmolyte concentrations such as proline and soluble sugars were
measured by ninhydrin and anthrone method respectively.

To determine the oxidative stress and antioxidant responses, the levels of hydrogen peroxide (H202) and malondialdehyde
(MDA) were measured as indicators of oxidative damage. Activities of aortic extracellular enzymes (superoxide dismutase,
catalase and peroxidase) were determined using standard enzymatic tests carried out on freshly extracted tissues of seedlings.
Ion accumulation by flame photometry and by atomic absorption spectrophotometry was used to determine Na+, Cl-, and
heavy metals. These measurements enabled the direct comparison of the management of the toxicity of ions across species
under different intensities of stress. Hormonal assays for abscisic acid and gibberellic acid were performed using kit based on
enzyme immunoassay (ELI) for the evaluation of hormonal regulation in stress-induced germination.

The study used a fully randomized design for the treatments, in order to reduce position or environmental biases in growth
chambers. Data were analyzed by using the analysis of variance method to tell the statistically significant differences in
various species and treatment. Post hoc multiple range test was used as needed for Duncan's multiple range test. Pearson
correlation analysis was applied to investigate the correlation between the germination parameters, the antioxidant activities,
osmolyte accumulation, ion content and hormonal changes. All statistical procedures were performed with the use of the
SPSS software package version 26 and the level of significance was considered at the level of 0.05 probability. The
methodology was designed in such a way that it incorporates the use of physiological, biochemical and molecular indicators
and allows a multivariate evaluation of the comparative aspects of seed germination strategies under abiotic stress conditions.

Data Analysis and Findings
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The data obtained from the germination experiments showed large variation between species and stress treatments and thus
it is shown that abiotic stress strongly affects germination metrics and related physiological parameters. The results of
analysis of variance (ANOVA) showed highly significant differences between species (p < 0.05) for seed germination
percentage and mean germination time, seedling vigor index, osmolyte accumulation, antioxidant activities, and ion uptake
results. These statistical differences emphasized the diversity inherent to the strategy used by glycophytes, halophytes,
xerophytes and hyper accumulating species during the earliest stages (seedling establishment) under stressful conditions.
Table 1 shows the results of the comparative germination percentages of the chosen species under various levels of stress and
the obtained trends provided a strong support of differences in the tolerance mechanisms already established.

Table 1 Germination Percentage (%) of Plant Groups Under Abiotic Stress

Stress Type Stress Level Glycophyte Halophyte Xerophyte Hyperaccumulator
Control Optimal 92 95 97 89
Drought —0.6 MPa 48 71 83 52
Salinity 150 mM NaCl 34 79 58 43
Heat Stress 35/25°C 41 62 76 45
Cadmium 100 M Cd 29 47 54 68

According to the results, the xerophytes did always have the highest germination rates under drought and heat stress
conditions, while, on the other hand, halophytes dominated under saline conditions. In contrast, the largest decline was
observed in glycophytes under all stress treatments with greater than 50% decrease in germination under drought and
salinity. Hyperaccumulator species exhibited moderate declines in most treatments while exhibiting significant responses and
greater germination (68%) than glycophytes (29%) where cadmium was the contaminant. These differences were
statistically significant (p < 0.05) and indicate the evolutionary possibilities built especially for each of the groups. The good
performance of the halophytes under salinity, for instance, correlates with their ability to selectively take up ions and to
compartmentalize them in their vacuoles, whereas the biotic conditions of drought and heat stress correspond to the good
performance of the xerophytes with their superior ability of osmotic adjustment and heat shock proteins.

For the individual species the analysis of the mean germination time (MGT) revealed further differences in the response.
Stress conditions generally increased MGT but the extent was significantly variable in different groups. Glycophytes
demonstrated the greatest delays with germination time increasing from 2.1 days for control conditions to 6.7 days under
drought stress and 7.3 days under salinity stress. In comparison, halophytes showed little delay with MGT ranging from 2.4 to
4.2 days in all treatments. The germination of xerophytes was rapid with almost no stress period above 3.8 days.
Hyperaccumulators showed moderate delays except in the presence of cadmium where MGT was relatively stable at 3.1 days.
These trends support the idea that the tolerant species are not only capable of maintaining a higher germination percentage
under stress conditions but they are also able to keep the metabolism at a higher rate during early growth.

Biochemical analyses yielded other knowledge concerning the physiological mechanisms in stress tolerance. Osmolyte
accumulation was very different among treatments, with proline and soluble sugars concentration in xerophytes being the
highest under drought condition followed by halophytes under saline condition. Glycophytes accumulated osmolytes at
considerably lower levels and this partly explained their poor performance under water deficit and salinity conditions. The
concentrations of proline found in species of the different species under standardized drought conditions are summarized in
table 2.

Table 2 Proline Content (umol g~ FW) Under Drought Stress (-0.6 MPa)

Species Group Proline Content
Glycophyte 2.8
Halophyte 5.6
Xerophyte 8.9
Hyperaccumulator 4.3

The patterns observed in Table 2 were consistent with physiological expectations: the amount of proline accumulated almost
3fold more by xerophytes than glycophytes consistent with their greater ability to adjust their cells osmotically. Halophytes
were also shown to accumulate osmolytes in relatively high amounts, but not as much as the xerophytes. Hyperaccumulator
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species accumulated moderately, which was adequate for germination under osmotic stress, but not as efficient as that of
xerophytes. The results of the analysis of variance showed a significant difference between species for the accumulation of
proline (p < 0.05), which indicates the synthesis of osmolytes as an important comparative trait.

Antioxidant enzyme activities were also quite variable between species, especially in the conditions of salinity and drought.
Halophytes showed the highest catalase and superoxide dismutase enzyme activities at 150 mM NaCl and correlated with
their high scavenging of reactive oxygen species produced during sodium chloride stress. Xerophytes exhibited high
antioxidant activity under drought whereas hyperaccumulators exhibited extremely high peroxidase activity under cadmium
stress. Glycophytes, in contrast, exhibited low antioxidant enzyme responses to all stress conditions resulting in greater levels
of oxidative damage as indicated by high concentrations of malondialdehyde. These results highlight the central position of
antioxidant defenses in segregation of tolerant and sensitive species in the process of germination.

Ion uptake analysis showed very clear differences between halophytes and glycophytes. Halophytes showed good regulation
of Na+ uptake and kept their intracellular levels of Na+ below toxic levels despite high salinity. Glycophytes accumulated salts
at high rates and resulted in membrane disruption and decline in germination. Under cadmium stress, hyperaccumulators
displayed much higher Cd accumulation in roots as well as in seedling tissues than other species, thereby confirming their
special detoxification mechanism. These kinds of physiological patterns showed a very strong correspondence to germination
outcomes, thus increasing the link between ion management and early seedling establishment.

The seedling vigor index (SVI) was an integrated indicator of the seedling performance with a combined amalgamate of the
different growth attributes as well as the germination. Xerophytes had the maximum value of SVI under drought and heat;
whereas, the halophytes predominated under salinity conditions. Hyperaccumulators ranked at the top under cadmium
exposure and glycophytes had the lowest SVI values under all of the stress conditions. The correlation analysis showed the
good positive correlations between SVI and antioxidant activity (r = 0.82), SVI and proline accumulation (r = 0.76) were
found while negative correlations were found between SVI and ion toxicity indicators such as Na+ and Cd accumulation (r = -
0.71). These statistical relationships emphasize the interconnectedness of biochemical in terms of resilience and success in
germinating.

Taken together, the findings showed that different plant species have different germination strategies that are determined by
evolutionary adaptation to their native environment. The comparative analysis verified the existence of integrated networks
of osmotic regulation, ion homeostasis, hormonal balance and antioxidant defense in stress tolerant species that greatly
improve the germination under adverse conditions. The results highlight a need for maximising these types of natural
variations in breeding new crop plants and for regions most severely affected by the rise in abiotic stress associated with
climate change.

Discussion

The results of this comparative study emphasize that seed germination under abiotic stress is a highly species specific
phenomenon that depends on complex physiological and biochemical mechanisms which change according to evolutionary
background and ecological niche. A superior performance of halophytes in salinity, xerophytes in drought and heat, and
hyperaccumulators in heavy metal stress indicates that tolerance is not based on a single pathway but integrated networks
that are under dynamic response from environmental drawbacks. These observations are consistent with previous studies
that suggest that stress resilience is associated with the accumulation of osmolytes, efficient antioxidant systems, and
hormonally regulated activation of metabolism during germination. The strong reduction in glycophyte germination under all
the stress conditions confirms their small amount of physiological flexibility which strengthen the argument for the reduction
of stress adaptability during the domestication and selective breeding for yield in many cultivated species. The biochemical
data from the study - and especially the high correlation between seedling vigor, proline accumulation and antioxidant
activity, would strongly support the idea that metabolic resilience at the earliest stages of development is a crucial
determinant of successful establishment in stressful conditions. These patterns also highlight the importance of wild relatives
and stress adapted species as a source of genetic characteristics that could be applied in crop improvement schemes.

Another point that I think is important to emerge from the data set, is the interplay between ion homeostasis and the
management of oxidative stress. The tolerance of salt stress by halophytes in limiting Na+ toxicity with maintenance of high-
level germination efficiency suggests the existence of tightly regulated ion transport systems to maintain the stabilization of
the cells during imbibition. Similarly, high cadmium sequestration ability of hyperaccumulator species is an example of how
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the detoxification mechanisms enable germination in seemingly hostile environment to most crops. These results are
reflections of ecological specialization but at the same time also highlight the universality of oxidative stress as a major
obstacle to germination in all forms of abiotic stress. The antioxidant tests performed in this study showed that the difference
in catalase, superoxide dismutase, and peroxidase activities between species was highly correlated to the germinating
potential and supports the generally accepted model that ROS homeostasis is the key to seed viability under stress. The
observed delays in mean germination time of glycophytes and heavy metal sensitive species further emphasize the disruptive
effect of stress on metabolic synchrony that results in delayed radicle emergence and decrease in uniformity. These
physiological delays can have long-term ramifications on seedling survival, especially in an unpredictable climate, thus
reinforcing the importance of an understanding of germination strategies for ecological restoration as well as agriculture
resilience.

The data also suggest that the germination responses to stress cannot be fully explained by the biochemical and physiological
characteristics of the plants, rather the interaction of the genetic factors with the environmental context needs to be
recognized. For example, high rates of germination under heat stress observed in xerophytes are a reflection not only of the
osmotic adjustment, but also the upregulation of heat shock protein expression which permits the stabilization of cellular
functions under heat stress. Likewise, the hormonal assays showed higher suppression of ABA and enhancement of GA in the
tolerant species, suggesting that the hormonal control has a central role as an integrator of the metabolic activity. These
insights are consistent with the results of recent genomic studies that indicate that stress-tolerant species have enlarged gene
families associated with osmoprotectant biosynthesis, ion transport and antioxidant defense. Thus, the patterns of stress
tolerance of plants revealed here reinforce the broader knowledge from the theoretical perspective of studying the
germination of plants, as a multilevel phenomenon influenced by molecular, physiological and ecological factors acting in
concert.

Conclusion

The present study concludes that strategies of seed germination under abiotic stress differ considerably among different plant
species, because they reflect adaptations for seed germination that have been developed under evolutionary pressure in
response to ecological specialisation. Xerophytes, halophytes and hyperaccumulators showed a greater percentage of
germination, higher rates of germination, higher antioxidant effects, higher osmotic and ion regulation compared with
glycophytes. These patterns point to the fact that tolerance arises from an integrated and coordinated function of
physiological processes and not just some isolated traits. The observed relationships in the components of seedling vigor
(osmolyte accumulation, antioxidant enzyme activity and ion homoscamp) indicate the multifaceted nature of stress-
resilience in germination. In the view of the growing frequency and severity of drought, salinity, temperature variations and
heavy metal contaminants in many areas, it is imperative to understand these comparative strategies in order to assist future
breeding, ecological restoration and conservation efforts. This research therefore reinforces the importance of using the
natural diversity of nature to improve the performance of crops and to make them more environmentally sustainable.

Recommendations

Based on the outcomes of this research, it is suggested that in crop improvement programs, greater emphasis should be
placed on the incorporation of characters related to early stress tolerance such as increased production of osmolytes, efficient
antioxidant systems and better function of the ion regulation system. Breeders should consider utilitarian wild relatives of the
major crops in expanding, particularly halophytes, xerophytes, and hyperaccumulators are important sources of genetic
material that could be used to improve germination under adverse conditions. In addition, further molecular studies are
promoted to determine specific genes and regulatory networks which are responsible for stress tolerance during germination.
Such knowledge shall back up advanced breeding techniques such as marker assisted breeding and gene editing to develop
stress resilient cultivars. On the ecological level, restoration efforts must choose species that have a history of successful
germination in order to ensure successful establishment of restoration projects in degraded or contaminated environments.
Finally, these comparative analyses should be expanded in future work to incorporate multiple-stress interactions because
plants in natural ecosystems are commonly exposed to different and often consecutive stressors and it will be essential to
understand the combined impacts of different stressors in order to provide accurate predictions and planning for adaptation.
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