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Abstract

:

Seed priming is routinely applied to improve germination rates and seedling establishment, but the decrease in longevity observed in primed seeds constitutes a major drawback that compromises long-term storability. The optimization of priming protocols able to preserve primed seeds from aging processes represents a promising route to expand the scope of seed priming. The present work explores this possibility in the model legume Medicago truncatula by testing the effectiveness of quercetin- and rutin-supplemented seed priming at improving the response to subsequent artificial aging. In comparison with a non-supplemented hydropriming protocol, supplementation with quercetin or rutin was able to mitigate the effects of post-priming aging by increasing germination percentage and speed, improving seed viability and seedling phenotype, with consistent correlations with a decrease in the levels of reactive oxygen species and an increase in antioxidant potential. The results suggest that quercetin and rutin can reduce the effects of post-priming aging by improving the seed antioxidant profiles. The present work provides novel information to explore the physiological changes associated with seed priming and aging, with possible outcomes for the development of tailored vigorization protocols able to overcome the storability constrains associated with post-priming aging processes.
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1. Introduction


Seed priming encompasses a range of established techniques to enhance germination performances, seedling establishment and stress tolerance. The effectiveness of seed priming relies on an incomplete imbibition step that induces the activation of pre-germinative metabolism, followed by a dehydration (dry-back) step that leaves the seed in the primed state that allows for a faster and more uniform germination [1,2,3,4,5]. The simplest form of seed priming relies on a rehydration–dehydration cycle mediated by non-supplemented water (hydropriming), whereas the administration of chemical compounds, osmotic agents, physical treatments, phytohormones, beneficial microorganisms, etc. can induce targeted responses, thus allowing for a customizable array of benefits, including stress tolerance and stress memory [4,5,6,7]. Despite its practicality and versatility, the main drawbacks of seed priming include the need of empirical optimization for different species, cultivars and seed lots, the progressive loss of desiccation tolerance as the seed transitions toward germination [8,9], and the increased exposure of primed seeds to aging processes. Such reduced longevity results in a loss of storability in the form of impaired germination rates and suboptimal seedling establishment, limiting the scope of seed priming within the current agricultural practices, the marketability of primed seeds, and the applicability of seed conservation strategies. This tendency has been documented in several crops, including tomato (Solanum lycopersicum) [10], lettuce (Lactuca sativa) [11], corn (Zea mays) [12], wheat (Triticum aestivum) [13], rice (Oryza sativa), [14,15] Chinese cabbage (Brassica rapa subsp. Pekinensis) [16], and other species, including Arabidopsis thaliana [17]. These studies ascribed the increased susceptibility to post-priming aging to multiple factors linked to the more advanced physiological state of primed seeds, that progressively expose cellular structures to oxidative damage as seeds transition from their dry quiescent state to the metabolic pre-activation induced by priming [18].



To understand post-priming storability, the interaction between priming and aging needs to be investigated. The scientific literature focused on seed aging and longevity is abundant and established, exploring molecular and physiological dynamics, ecological and agricultural implications, diagnostic methods and mitigation strategies [19,20,21,22,23]. Seeds progressively deteriorate during prolonged storage, with storability varying depending on the species, ecotypes and storage practices optimized for orthodox and recalcitrant seeds [24,25]. Differences in storability are due to various genetic, biochemical and physiological factors even under optimal storage conditions, whereas high temperatures and relative humidity are major exogenous causes of seed deterioration during storage by influencing moisture content, oxidative processes and macromolecule stability. Particularly, accumulation of ROS (reactive oxygen species) is a major contributor to aging processes, causing the peroxidation of membrane lipids, protein loss-of-function and DNA damage, impairing seed viability [26,27,28]. Relevantly for research purposes, the development of artificial and accelerated aging protocols has allowed us to simulate the effects of natural aging with reduced timeframes and stricter control over the experimental conditions, that typically imply high temperatures and relative humidity applied for days or weeks. Cross-validation among different natural and artificial aging approaches has allowed the identification of common mechanisms and the implementation of longevity testing as part of seed quality screening [29,30,31].



The exploration of mitigation strategies for priming-associated aging implies dedicated experimental systems and has resulted in targeted solutions to extend post-priming longevity, such as vacuum packaging for bitter gourd (Momordica charantia) seeds [32], priming with KNO3 for hot pepper (Capsicum frutescens) seeds [33], heat treatment for tomato seeds [34] and spermidine priming for rice seeds [35]. Despite these examples, the literature investigating the interaction between seed priming and aging is limited, especially concerning the formulation of treatments to improve post-priming storability. Given the major role of oxidative damage in seed aging, antioxidant compounds represent a first option in this sense. Flavonoids are numerous (around 8000 compounds identified in plants), variegate (six major classes) and widely distributed across the plant kingdom, with a variety of tissue localizations and biological functions, including antioxidant properties and protection against different biotic and abiotic stressors [36,37]. Quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one) is a polyphenolic flavonoid ubiquitously found in plants, including vegetables and fruits for human consumption [38]. Quercetin is mainly present in a glycoside form chemically named 3,3′,4′,5,7-pentahydroxyflavone-3-rhamnoglucoside and also known as quercetin-3-rutinoside, rutoside, sophorin, phytomelin, rutin (etc.), a flavonol compound found in Passiflora spp., buckwheat (Fagopyrum esculentum) seeds, citrus (Citrus spp.) fruits, vegetables, and tea [38,39,40]. The contribution of endogenous flavonoids in seed longevity and storability is documented, including their antioxidant properties associated with their accumulation in seed coat and embryo [41]. Alleles of flavonoid genes and differential accumulation of flavonoids have been indicated as contributors to seed longevity in rice and soybean, respectively [42,43]. Protective effects are reported following the exogenous administration of quercetin, rutin or other flavonoids to seeds, seedlings or adult plants in the form of direct administration or priming treatments, with examples in numerous experimental systems where they reduce ROS accumulation and membrane damage [36,37,44,45].



Consistently with the cited research, the present work considers the possibility that the antioxidant and anti-aging effects reported for quercetin and rutin mitigate the effects of poor or prolonged storage applied to primed seeds. This hypothesis is explored in the model legume Medicago truncatula by applying artificial aging on quercetin- and rutin-primed seeds, alongside unprimed and hydroprimed control treatments. The responses to the experimental conditions were evaluated at the biometrical level (germination rates, seed viability, and seedling morphology) in correlation with indicators of the seed oxidative state (ROS accumulation, antioxidant potential, and content in phenolic compounds) in order to provide evidence on how quercetin and rutin can improve post-priming longevity by enhancing the seed antioxidant indicators. The present study employed M. truncatula based on previous research on the effects and drawbacks of seed priming in this species as a model legume [8,9]. The results of this study provide a novel background to investigate and alleviate post-priming aging in legumes, with potential outcomes for the optimization of seed priming protocols compatible with seed storage practices.




2. Materials and Methods


2.1. Plant Material, Treatment Administration, and Germination Tests


Medicago truncatula Gaertn. Seeds (commercial genotype, kindly provided by Continental Semences S.p.A., Traversetolo, Parma, Italy) were treated with four priming conditions: the unprimed control condition (UP), hydropriming (HP), quercetin-supplemented priming (QP), and rutin-supplemented priming (RP). Each priming condition was followed by two accelerated aging conditions: unaged control conditions (UA) or accelerated aging (AA). All priming conditions were applied by imbibing the seeds for 4 h in sealed Petri dishes (diameter 90 mm) containing a layer of filter paper moistened with 2 mL of water (HP), 2 mM quercetin (QP) or 1 mM rutin (RP). Quercetin and rutin concentrations were selected based on preliminary screening in the ranges of 0.05 to 2 mM, compatible with the ranges reported for other species [37,46]. Priming was followed by dry-back, which was carried out by distributing the seeds into open Petri dishes and incubating them for 4 h. Priming protocols and dry-back were carried out at 25 °C. Artificial aging was carried out in an oven (Memmert Universal Oven U55, Memmert, Schwabach, Germany), exposing the seeds to 45 °C and 95% relative humidity for 24 h, adapting the protocol by Colombo et al. [47]. Relative humidity was calculated from humidity measurements using a TA298 Digital thermohygrometer (JZK, Shenzhen JinZhiKu Electronic Co., Ltd., Shenzhen, China). The effective temperature for accelerated aging without complete loss of seed viability was selected based on preliminary screening in the temperature range of 40 to 60 °C. Germination tests were carried out in sealed Petri dishes (diameter 90 mm) containing a layer of filter paper moistened with 2 mL of distilled water. For the duration of the germination tests, Petri dishes were kept in in a growth chamber at 25 °C under light conditions, with a photon flux density of 150 μmol m−2 s−1, and a photoperiod of 16 h. For each experimental condition, five independent replications (Petri dishes), each containing 20 seeds, were monitored every 2 h for 4 days, sufficient for all the treatments to reach germination plateau. Seeds displaying a protrusion of the primary radicle were considered germinated. Germination parameters were calculated according to Ranal and Garcia de Santana [48]. Seedling morphology was assessed at the end of the germination test and aberrant seedlings were distinguished from normal seedlings by an impaired growth, especially visible at the level of the radicle [8]. An overview of the experimental system is provided in Figure 1.




2.2. Viability Assay Using 2,3,5-Triphenyl Tetrazolium Chloride


2,3,5-triphenyl tetrazolium chloride (TTC) assay was performed on the four priming conditions before and after accelerated aging in order to provide further indication of seed viability together with direct germinability assessment and to provide tissue-specific evidence of viability loss in M. truncatula seeds. The positivity to TTC staining is an established technique in seed viability testing [49,50]. Specifically, TTC is a white compound that is converted by dehydrogenases into TPF (1,3,5-triphenylformazan), a red and stable compound that differentiates metabolically active tissues from metabolically inactive ones. Seeds were imbibed in distilled water for 1 h to allow the removal of seed coat and an easier visualization of the tissue staining. De-coated seeds were subsequently incubated in a 1% (w/v) solution of TTC (Merck, Darmstadt, Germany), at 20 °C for 18 h in the dark. For each experimental condition, 50 seeds were screened and classified as viable or dead/aberrant according to their staining pattern. Particularly, seeds whose embryo axis was positive to TTC staining were classified as viable and results were expressed as percentage of viable seeds on the total of screened seeds.




2.3. Assessment of ROS Levels by 2′,7′-Dichlorofluorescin Diacetate (DCF-DA) Assay


Given the prominent role of oxidative stress in seed aging, ROS (reactive oxygen species) levels were assessed for the four priming conditions before and after accelerated aging. The assay was based on the fluorogenic dye 2′,7′-dichlorofluorescin diacetate (DCF-DA; Sigma-Aldrich, Milan, Italy). The DCF-DA molecule penetrates the cell membrane and is deacetylated by cellular esterases. Subsequently, it is oxidized by ROS into the fluorescent compound 2′,7′-dichlorofluorescein (DCF), whose fluorescence is spectroscopically detected at excitation and emission spectra of 495 nm and 529 nm, respectively. The assay was carried out as described by Pagano et al. [8]. Seeds (5 replicates per condition, 3 seeds per replicate) were incubated in dark conditions for 1 h in 50 µL of 10 µM DCF-DA. Subsequently, the solution was mixed by pipetting and a 20 µL aliquot was transferred to new tubes. A tube containing only DCF-DA not exposed to seed samples was also prepared and used as a blank control to assess the baseline fluorescence of the DCF-DA solution. Fluorescent emission was measured at 517 nm using a Rotor-Gene 6000 PCR apparatus (Corbett Robotics, Brisbane, Australia), setting the software for one cycle of 30 s at 25 °C. Relative fluorescence was obtained by subtracting the fluorescence detected from the blank and expressing the results as relative fluorescence units (RFU).




2.4. Assessment of the Antioxidant Potential by DPPH (1,1-Diphenyl-2-picrylhydrazyl) Assay


The seed extracts necessary for DPPH and Folin–Ciocalteu assay were prepared as follows. Samples (for each condition, 200 mg pooling ~100 seeds, five replicates) were homogenized with mortar and pestle to a fine powder in presence of 2 mL 80% acetone. The extracts suspended in 80% acetone were transferred to 2 mL tubes and further 80% acetone was added to standardize the extraction volumes to 2 mL. The extracts were incubated overnight at 25 °C in the dark under gentle shaking and subsequently stored at −20 °C until use. The ROS-scavenging activity (antioxidant potential) of the samples was determined by DPPH test, that relies on the reactivity of the DPPH radical with the antioxidant compounds contained in the extracts [51]. A standard curve was obtained from serial dilutions (50–400 mg L−1) of ascorbic acid (Sigma-Aldrich). Aliquots (0.1 mL) of the sample extracts or points of the standard curve were added to 1.5 mL of a solution of 0.1 mM DPPH (Sigma-Aldrich–Merck) dissolved in methanol. The reaction was incubated for 30 min at room temperature in the dark. A blank solution was prepared dissolving 0.1 mL 80% acetone into 1.9 mL methanol and used as a background for absorbance measurements at λ = 517 nm. The reduction in absorbance as a consequence of DPPH radical scavenging by antioxidant compounds was measured with a Biochrom WPA Biowave spectrophotometer (Biochrom Ltd., Cambridge, UK). The antioxidant potential of the extracts was calculated according to the standard curve and expressed as ascorbic acid equivalents (AAE) mg−1 fresh weight.




2.5. Assessment of the Content in Phenolic Compounds by Folin–Ciocalteu Assays


The content in total phenolic compounds was measured as described by Spanos and Wrolstad [52] from the same extracts used for DPPH assay, using the Folin–Ciocalteu reagent and a standard curve obtained from serial dilutions (50–400 mg L−1) of gallic acid (Sigma-Aldrich–Merck). Aliquots (20 μL) of the sample extracts or points of the standard curve were added to 1.58 mL distilled water and with 100 μL of the Folin–Ciocalteu reagent (Sigma-Aldrich). After 8 min incubation in the dark, the reactions were neutralized with 300 μL of 7.5% (w/v) Na2CO3 (Sigma-Aldrich-Merck) and incubated for 120 min at 25 °C in the dark. The resulting increase in absorbance was measured at λ = 765 nm with a Biochrom WPA Biowave spectrophotometer (Biochrom Ltd., Cambridge, UK) from the background of a blank solution of 1.58 mL distilled water mixed with 300 μL of 7.5% (w/v) Na2CO3. The content in total phenolic compounds of the extracts was calculated according to the standard curve and expressed as gallic acid equivalents (GAE) mg−1 fresh weight. Five replicates were used for each condition. Using the data from DPPH and Folin–Ciocalteu assays, the specific antioxidant activity (SAA) was calculated as the ratio between the antioxidant potential and the total content in phenolic compounds, and expressed as μg AAE μg−1 GAE, as reported [53,54].




2.6. Statistical Analyses


Five replicates were used for each level of analysis. Data concerning germination performance (germination parameters), seedling phenotype, ROS accumulation, content in antioxidant and phenolic compounds, specific antioxidant activity, and seed viability were analyzed through two-way analysis of variance (ANOVA) and the Duncan’s test, using the software Rapid Publication-Ready MS Word Tables Using Two-Way ANOVA 1.0 [55], available online (https://houssein-assaad.shinyapps.io/TwoWayANOVA/, accessed on 28 February 2024). The comparison groups for two-way ANOVA were priming groups (UP, HP, QP, RP) and aging groups (UA, AA) with a p-value < 0.05 as the threshold for significance. Pearson’s correlation and Principal Component Analysis (PCA) were carried out using MetaboAnalyst 6.0 (https://www.metaboanalyst.ca/docs/Publications.xhtml, accessed on 26 March 2024) [56], normalizing the values by Z-score (mean-centered and divided by the standard deviation of each variable) and considering a p-value < 0.05 as the threshold for significance for correlation analyses.





3. Results


3.1. Germination Performance


Germination of Medicago truncatula seeds subjected to hydropriming, quercetin-priming or rutin-priming followed by accelerated aging was assessed in terms of germination percentage at the end of the germination test (germinability) and in terms of germination speed (lower T50, time to reach 50% of final germination). As shown in Figure 2 and Table S1, the underlying germinability profiles of unaged seeds were above 90% without differences induced by priming protocols. Post-aging germinability decreased below 60% for all priming treatments, with the strongest significant reduction observed in hydroprimed seeds. Conversely, seeds subjected to quercetin- and rutin-supplemented priming displayed significantly higher post-aging germinability profiles compared to hydroprimed seeds, and in line with the post-aging germinability profiles of unprimed seeds. The germination speed (assessed through a lower T50) of unaged seeds was significantly accelerated in response to hydropriming, quercetin-supplemented priming and rutin-supplemented priming. Artificial aging significantly delayed germination for all priming treatments and unprimed control, with the highest delay recorded for hydroprimed seeds and no significant differences observed among the other priming treatments and the unprimed control. Globally, germination parameters indicate a significant decrease in germination percentage and speed in response to artificial aging, especially for hydroprimed seeds compared to unprimed seeds, with possible mitigating effects when priming is supplemented with quercetin or rutin.




3.2. Seed Viability


2,3,5-triphenyl tetrazolium chloride (TTC) assay was performed on the four priming conditions before and after accelerated aging in order to corroborate germinability profiles and provide further evidence of the gain/loss in seed viability when combining priming protocols and artificial aging. As shown in Figure 3a and Table S1, the underlying viability profiles (in terms of TTC-positivity) of unaged seeds were above 70% without significant differences based on priming protocol. Artificial aging reduced seed viability for the unprimed control and all priming treatments. Nonetheless, after aging, the viability of quercetin-primed seeds was higher than the viability of hydroprimed seeds. Representative pictures of seed viability as assessed by TTC-positive/negative staining on Medicago truncatula seeds are provided in Figure 3b. Specifically, seeds with positive embryo axis staining are distinguished from seeds with negative embryo axis staining as this feature was considered contrastive for viability classification purposes.




3.3. Seedling Development


Seedling morphology was assessed at the end of the germination test by distinguishing aberrant phenotype with impaired root development from the normal seedling development, as well as from the fraction of non-germinant seeds already quantified with germination parameters. As shown in Figure 4 and Table S1, seedlings developing from unaged seeds display a comparable distribution of normal (between 79% and 87%) and aberrant (between 7% and 15%) seedlings, without significant differences among priming treatments. After accelerated aging, the distribution of seedling phenotypic classes became contrastive among priming treatments, with a significant reduction in normal seedlings in response to hydropriming, quercetin-supplemented priming and rutin-supplemented priming compared to unprimed seeds. Notably, artificial aging after hydropriming resulted in a total absence of normal seedling phenotypes, whereas quercetin- and rutin-supplemented priming preserved a subpopulation of normal seedlings after artificial aging, despite being lesser than the unprimed control. Representative pictures of normal and aberrant seedling morphology in Medicago truncatula are provided in Figure 4b.




3.4. Antioxidant Parameters and ROS Accumulation


Given the relevance of ROS and antioxidant response as drivers of seed aging and longevity, the antioxidant potential, content of phenolic compounds, specific antioxidant activity and ROS levels were assessed in Medicago truncatula seeds subjected to hydropriming, quercetin-priming or rutin-priming followed by accelerated aging. As shown in Figure 5 and Table S1, considering unaged seeds, the antioxidant potential (assessed though the DPPH assay) was slightly but significantly decreased by all priming protocols in comparison to unprimed controls, with a stronger decrease in response to hydropriming. After artificial aging, a global reduction in antioxidant potential was observed for all priming and unpriming conditions compared to their unaged counterparts but the same pattern of unaged seeds was maintained. Specifically, a strong reduction was observed for all priming conditions compared to unprimed controls, with a significantly stronger reduction in response to hydropriming compared to quercetin- and rutin-priming. Considering unaged seeds, the total content of phenolic compounds (assessed through the Folin–Ciocalteu assay) decreased in response to hydropriming and quercetin-priming compared to unprimed controls. In response to artificial aging, a reduction in total phenolic compounds was observed for all primed and unprimed conditions. Considering the specific antioxidant activity (calculated as the ratio between the antioxidant potential and content in phenolic compounds) in unaged seeds, quercetin-primed seeds displayed a slightly higher specific antioxidant activity compared to hydroprimed seeds. Accelerated aging induced a strong decrease in specific antioxidant activity for all priming conditions but not in unprimed seeds. Nonetheless, quercetin- and rutin-primed seeds maintained a higher specific antioxidant activity than hydroprimed seeds after artificial aging. The ROS levels (assessed through the DCF-DA assay) of unaged seeds were significantly higher in hydroprimed seeds compared to the other tested conditions. Artificial aging induced a significant reduction in ROS only for hydroprimed seeds compared to their unaged counterparts. After aging, quercetin-primed seeds displayed lower ROS levels compared to unprimed seeds, whereas rutin-primed seeds displayed lower ROS levels compared to unprimed and also compared to hydroprimed seeds.
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Figure 3. Viability of Medicago truncatula seed following hydropriming, quercetin-supplemented priming or rutin-supplemented priming combined with accelerated aging. (a) Seed viability percentage assessed with TTC staining. (b) Representative pictures of viable (row numbers 1 to 5) and non-viable (row numbers 6 to 10) seeds as assessed by TCC assay for each treatment category. UP, unprimed control conditions; HP, hydropriming; QP, quercetin-priming; RP, rutin-priming; UA, unaged control conditions; AA, artificial aging. Means without a common letter are significantly (p-value < 0.05) different as analyzed by two-way ANOVA and Duncan test. The letters referring to different comparison series are indicated with different colors. 
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Figure 4. Phenotype of Medicago truncatula seedlings following hydropriming, quercetin-supplemented priming or rutin-supplemented priming combined with accelerated aging. (a) Seedling phenotype percentage. (b) Representative pictures of normal (top rows) and aberrant (bottom rows) seedling morphology for each treatment category. UP, unprimed control conditions; HP, hydropriming; QP, quercetin-priming; RP, rutin-priming; UA, unaged control conditions; AA, artificial aging. Means without a common letter are significantly (p-value < 0.05) different as analyzed by two-way ANOVA and Duncan test. The letters referring to different comparison series are indicated with different colors. 
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Figure 5. Antioxidant potential, phenolic compounds, and specific antioxidant activity of Medicago truncatula seeds subjected to hydropriming, quercetin-priming or rutin-priming followed by accelerated aging. (a) Antioxidant potential assessed by DPPH assay. (b) Content in phenolic compounds assessed by Folin–Ciocalteu assay. (c) Specific antioxidant activity calculated from DPPH and Folin–Ciocalteu data. (d) ROS detection by DCF-DA assay. UP, unprimed control conditions; HP, hydropriming; QP, quercetin priming; RP, rutin priming; UA, unaged control conditions; AA, artificial aging. Means without a common letter are significantly (p-value < 0.05) different as analyzed by two-way ANOVA and Duncan test. AAE, ascorbic acid equivalents; GAE, gallic acid equivalents; SAA, specific antioxidant activity; FW, fresh weight. RFU, relative fluorescence units. 
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3.5. Correlation of Germination and Seedling Growth Parameters with Antioxidant Response Indicators


Correlation analyses and principal component analysis (PCA) were performed in order to obtain an overview of the results obtained by the presented experimental system applying artificial aging on unprimed, hydroprimed, quercetin-primed and rutin-primed Medicago truncatula seeds. Results are shown in Figure 6. Pearson’s correlation analysis indicated significant positive correlations of antioxidant properties (antioxidant potential, content in phenolic compounds and specific antioxidant activity) with positive indicators of germination performance (germinability, peak value), seed viability (TTC assay) and seedling establishment (percentage of seedlings with normal morphology). Moreover, the antioxidant potential and content in phenolic compounds were also positively correlated with each other, suggesting a synergistic response of different antioxidant response mechanisms. Conversely, Pearson’s correlation analysis indicated significant negative correlations of antioxidant properties with negative indicators of germination speed (T50, mean germination time), and with negative indicators of the efficiency of seedling establishment (percentage of abnormal and non-germinant seeds). The dataset for PCA was arranged in order to highlight the variations induced by priming treatments in combination with artificial aging, treating the eight resulting treatment groups as eight different clusters of replicates. The main driver of variability within the dataset along Principal Component (PC) 1 appeared to be the effect of artificial aging, determining two distinct super-clusters as unaged and artificially aged seeds. The two-dimensional plot along the PC1 and PC2 axes did not highlight contrastive clustering among priming groups in unaged seeds, whereas more distinct clusters were evident for artificially aged seeds. Specifically, the cluster referring to hydroprimed seeds was distinct from the cluster referring to unprimed seeds. Interestingly, the cluster referring to quercetin-supplemented priming partially overlapped with the cluster referring to unprimed seeds, whereas the cluster referring to rutin-supplemented priming partially overlapped with the clusters referring to unprimed controls, hydropriming and quercetin-priming. Globally, at the level of the analyzed parameters, Pearson’s correlation analyses consistently suggested a relation between antioxidant properties, increased germination performance and successful seedling establishment, whereas PCA clustering indicated that quercetin and rutin supplementation could mitigate the effects of post-priming artificial aging toward the patterns observed for unprimed aged seeds.





4. Discussion


The present work focused on a frequently reported drawback of seed priming, that is the decrease in longevity of primed seeds [10,11,12,13,14,15,16,17,24]. Seeds are routinely stored during processing, distribution and marketing, for periods ranging from a few months to years. Consequently, considering the abundance of studies exposing the benefits of seed priming and detailing the damages of seed aging, the exploration of novel mitigation strategies for priming-related sensitivity to aging could broaden the scope of seed priming as an option to improve seed quality and post-harvest practices in terms of seed storability.



The choice of Medicago truncatula to investigate this issue was driven by its use as model legume for seed physiology and by consistency with previous studies focusing on effects and drawbacks of seed priming [8,9]. The experimental system devised for the present work included four priming conditions: unprimed seeds, hydroprimed seeds, quercetin-supplemented priming and rutin-supplemented priming. These four priming conditions were combined with presence/absence of subsequent artificial aging to estimate potential protective effects of these two flavonoids against post-priming longevity impairment.



As a first step to characterize the experimental system, germination performance was evaluated in terms of germination percentage and speed. The utilized artificial aging protocol (45 °C and 95% relative humidity for 24 h) was adapted from Colombo et al. [47] and was effective at decreasing the germination percentage for all priming treatments and the unprimed control without a total impairment of seed viability, thus facilitating the estimation of germination and seedling growth parameters. However, despite the practicality and accuracy of artificial aging protocols at simulating storability issues in an array of model and crop plants [29,30,31], further validation with natural aging, different storage practices and durations, and more species/cultivars would be useful to corroborate the results of the present study toward applicative directions. The results of the present work confirm the decrease in the longevity of primed seeds compared to unprimed seeds in M. truncatula, with decreased viability, lower germinability, delayed germination and an impaired seedling phenotype. Consistently with the hypothesis of the present work, the supplementation with quercetin or rutin during seed priming mitigated these effects compared to non-supplemented hydropriming, with increased germinability and seed viability, accelerated germination and an improved seedling phenotype. This hypothesis was based on the reported protective effects of the administration of exogenous flavonoids to seeds, seedlings and plants under various biotic and abiotic stressors [37,44,46], other than the conditions of post-priming aging considered for the present work. The relevance of evaluating seedling establishment in addition to germination parameters has been underlined as a key factor for optimal crop yields, also concerning the effects of prolonged storage [57].



In order to suggest explanations for the observed responses to priming combined with aging, the present work focused on indicators of the seed antioxidant status. ROS accumulation is considered a major driver of seed aging processes, with physiological ranges that need to be maintained by antioxidant compounds under layers of hormonal regulation to prevent oxidative damage while also allowing ROS to function as signal molecules in the stress response, cell wall plasticity, reservoir mobilization, hormonal modulation, dormancy release, and various processes of seed physiology [58,59]. During prolonged storage, seeds are in a dry quiescent state that limits the oxidative processes associated with an active metabolism, while also limiting enzymatic repair and ROS detoxification [17,58,59,60]. Although ROS production can be interpreted as a consequence of an active metabolism, ROS accumulation has been widely reported also in dry seeds under natural or artificial aging, in association with damage to membrane lipids, impaired germination and elicitation of enzymatic and non-enzymatic antioxidant response [28,59,61,62]. Considering this complexity, the dynamics and implications of ROS accumulation and scavenging can be difficult to interpret. By experimental design, the present work analyzed dry seeds, in which metabolic activities were assumed to be limited and the oxidative state driven mostly by non-enzymatic ROS production sources and scavenging mechanisms. The results of the present work indicate that artificial aging significantly reduces antioxidant potential and content in phenolic compounds. This decrease can be interpreted as a scavenging of antioxidant and phenolic compounds during aging, consistently with previous accounts. For example, different intensities of artificial aging (20 to 42 days, 45 °C, and 10% moisture content) in oat (Avena sativa), resulting in a mild to total loss in germinability, were associated with the progressive accumulation of ROS and methylglyoxal along with a decrease in an array of enzymatic and non-enzymatic antioxidant indicators, including ascorbic acid and glutathione [63]. Artificial aging (0 to 8 days, 45 °C, 100% relative humidity) applied on G. max seeds decreased the content of many phenolic compounds, including protocatechuic acid, morin and rutin and downregulated the expression of genes encoding key enzymes for the biosynthesis of phenolic compounds [43]. Decreased antioxidant activity was also detected in canola (Brassica napus) seeds stored underground for up to several months in association with a loss of seed vigor, a reduction in soluble sugars and hormonal alterations [64]. On the other hand, artificial aging in canola seeds enhanced enzymatic and non-enzymatic antioxidant capacity, including the content of phenolic compounds, flavonoids and flavonols [65]. Considering Fagus sylvatica seeds under prolonged storage, germination capacity positively correlates with ascorbic acid and α-tocopherol content, and negatively with the accumulation of superoxide radical, hydrogen peroxide and lipid hydroxyperoxides, whereas glutathione did not appear to be correlated with germination performance [66]. These diverging observations confirm the species-specific variability of the enzymatic and non-enzymatic antioxidant mechanisms, possibly in terms of contrastive strategies to cope with oxidative stress during aging. Although the present work evaluated global antioxidant indicators, the specific relevance of enzymatic antioxidant mechanisms in seed longevity and stress response should be underlined as a direction for future studies focusing on seed aging interacting with seed priming. For example, long term storage decreased enzymatic antioxidant activity and germination in Trifolium spp. [67], and application of quercetin (15 to 40 μM) improved enzymatic antioxidant response and the response to soil contamination in Trigonella corniculata [68]. Moreover, catalase co-localizes with hydrogen peroxide and appears to be specifically involved in the recovery from aging through subsequent priming in Helianthus annuus, with the contribution of other antioxidant enzymes [69].



In the present work, primed seeds displayed a decreased antioxidant potential compared to unprimed seeds, both before and after aging, possibly suggesting an increased requirement of antioxidant compounds in response to priming and subsequent dry-back. This might be due to the reported more advanced metabolic state induced by priming [5,70]. This observation is consistent with the premises of the work, that attributes to primed seeds an increased exposure to aging compared to unprimed seeds, as evidenced by the observed decrease in germination rates and seedling establishment. The decrease in an enzymatic and/or non-enzymatic antioxidant response following priming was reported. For example, calcium chloride priming reduced antioxidant activity and the expression of genes involved in the antioxidant response in sorghum (Sorghum bicolor) seeds in presence of salt stress [71]. Decreased post-priming longevity in Zea mays has been explained with an impaired antioxidant machinery, including enzymes (catalase, superoxide dismutase) and antioxidant compounds (glutathione, ascorbic acid) [12]. Reductions in antioxidant activity after priming were detected also in osmoprimed Spinacia oleracea seeds [72], cysteine-primed Hordeum vulgare seeds [73] and in hydroprimed Brassica rapa subsp. pekinensis seeds [16]. Differently, seed priming induces an increase in antioxidant properties and stress responsiveness in other experimental systems that do not imply post-priming aging or that assess antioxidant parameters at later growth stages [74]. Previous accounts in G. max reported a decrease in ROS levels and an increased expression of antioxidant response genes (catalase, ascorbate peroxidase, superoxide dismutase) following priming [75], and priming enhanced the total antioxidant activity and the content of phenolic compounds (including flavonoids) in Triticum aestivum seedlings [76]. These patterns in the antioxidant response to priming highlight the need to consider seed priming and dry-back also in terms of a controlled stress, possibly exploring the aspects of priming-associated stress memory [4,6]. Subsequently, it can be hypothesized that the application of aging to primed seeds represents a bottleneck in priming effectiveness mediated by stress memory mechanisms and/or by the pre-activation of antioxidant responses, reverting the advantages of priming and impairing longevity when post-priming storage is prolonged.



The major experimental question on the present work regarded the effectiveness of quercetin- and rutin-supplementation at alleviating the effects of artificial aging in M. truncatula seeds compared to hydropriming, and the observed improvements were interpreted in terms of oxidative/antioxidant status. After artificial aging, rutin-primed seeds presented lower ROS levels than unprimed and hydroprimed seeds, and both quercetin- and rutin-supplemented priming presented enhanced antioxidant profiles compared to hydroprimed seeds. This observation is coherent with the improved post-aging germination and growth performance of quercetin- and rutin-primed seeds compared to non-supplemented hydroprimed seeds. Considered together, these results suggest potential protective effects by quercetin or rutin supplementation with priming in terms of enhanced antioxidant profiles. This antioxidant effect of quercetin and rutin is in line with several accounts in other experimental systems, including Apocynum pictum and venetum seeds under osmotic stress [44], G. max artificially aged seeds [43], O. sativa plants [45] and aging seeds [42], and others [41]. Despite the significant correlations, the collected data are not sufficient to distinguish the direct and indirect effects of quercetin or rutin on antioxidant profiles, germination rates and seedling growth, nor the relative contribution of other factors that reportedly contribute to seed longevity. These include compounds (e.g., heat shock proteins, late embryogenesis abundant proteins, raffinose family oligosaccharides, etc.) that stabilize macromolecules, membranes and cellular structures [34,77] or processes that preserve DNA integrity [19,78]. Above these layers, phytohormones regulate seed maturation, germination and stress responses, with determinant effects on seed longevity [23]. Further research focusing on the contribution of these factors in different model species and experimental systems is necessary to outline a comprehensive model of post-priming seed aging.




5. Conclusions


The present work considered the tradeoff between the advantages of seed priming and the reduction in post-priming longevity, confirming also in the model legume Medicago truncatula the increased exposure of primed seeds to aging processes and suggesting a possible mitigation strategy in the form of quercetin and rutin supplementation during priming. The proposed explanation of the results relies on the positive correlations between biometrical indicators of seed quality (seed viability, germination rates, and seedling morphology) and indicators of antioxidant potential and content in phenolic compounds, highlighting potential contributors to the longevity of primed M. truncatula seeds. These results indicate possible directions to interpret and improve the interaction between seed priming and storability.
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Figure 1. Overview of the experimental system to compare the effects of accelerated aging on Medicago truncatula seeds after hydropriming, quercetin-priming or rutin-priming. UP, unprimed control conditions; HP, hydropriming; QP, quercetin priming; RP, rutin priming; UA, unaged control conditions; AA, artificial aging. 
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Figure 2. Germination performance of Medicago truncatula seeds subjected to hydropriming, quercetin-priming or rutin-priming followed by accelerated aging. (a) Germinability percentage. (b) T50. UP, unprimed control conditions; HP, hydropriming; QP, quercetin-priming; RP, rutin-priming; UA, unaged control conditions; AA, artificial aging. T50; time (h) to reach 50% of final germinants. Means without a common letter are significantly (p-value < 0.05) different as analyzed by two-way ANOVA and Duncan test. 
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Figure 6. Overview of the results of Pearson’s correlation analysis and principal component analysis. (a) Pearson’s correlation analysis of the results obtained from Medicago truncatula seeds subjected to hydropriming, quercetin-priming or rutin-priming followed by accelerated aging. The correlation coefficients are indicated. The statistical significance of the Pearson’s correlations is indicated by asterisks (* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001). NA, not applicable. ROS, reactive oxygen species as assessed by DCF-DA assay. Antiox., antioxidant potential as assessed by DPPH assay. Phenol., content in total phenolic compounds as assessed by Folin–Ciocalteu assay. SSA, specific antioxidant activity. TTC, seed viability percentage as assessed by TTC assay. G, germinability. PV, peak value. T50, time required to reach 50% of final germination. MGT, mean germination time. Norm., percentage of normal seedlings. Aber., percentage of aberrant seedlings. NG, percentage of non-germinant seeds. (b) Two-dimensional score plot of the principal component analysis of the results obtained from M. truncatula seeds subjected to hydropriming, quercetin-priming or rutin-priming followed by accelerated aging. UP, unprimed control conditions; HP, hydropriming; QP, quercetin priming; RP, rutin priming; UA, unaged control conditions; AA, artificial aging; PC, principal component. 
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