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The understanding of seed dormancy, germination and longevity are important goals in plant biology, with relevant applications for agriculture, food industry and also human nutrition. Reactive Oxygen Species (ROS) are key molecules involved in the release of dormancy, when their concentrations fall within the so called ‘oxidative window.’ The mechanisms of ROS distribution and sensing in seeds, from dormant to germinating ones, still need elucidation. Also, the impact of iron (Fe) deficiency on seed dormancy is still unexplored; this is surprising, given the known pro-oxidant role of Fe when in a free form. We provide evidence of a link between plant Fe nutrition and dormancy of progeny seeds by using different Arabidopsis ecotypes and mutants with different dormancy strengths grown in control soil or under severe Fe deficiency. The latter condition extends the dormancy in several genotypes. The focus on the mechanisms involved in the Fe deficiency-dependent alteration of dormancy and longevity promises to be a key issue in seed (redox) biology.
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INTRODUCTION

The still widespread micronutrient deficiencies in various developing countries, the increase in human population and the shifts in the diets taking place in many countries all urge for an increased production of staple foods of higher nutritional value (Murgia et al., 2012, 2013). A wider availability of elite genotypes of higher seed quality in terms of survival capacity and vigor, is an important component to achieve such goals. Best practices of seeds harvest and storage aimed at reducing loss in germination as well as deterioration of seeds are also needed. The understanding of the complex net of molecular players regulating seed vigor, viability and dormancy therefore represents a focus of primary importance in plant science (Grierson et al., 2011; Rajjou et al., 2012).

A seed is described as germinated when, upon imbibition, the integument is broken, the radicle starts to protrude and the embryonic axis elongates. The process of germination requires favorable conditions of moisture, light and temperature.

Dormant seed are, however, not able to germinate even under the most favorable conditions. Dormancy is indeed a protective mechanism which prevents germination in an unfavorable environment, such as germination out of season on the mother plant (pre-harvest sprouting), or at high temperature, which would kill germinated seedlings (Gubler et al., 2005; Kranner et al., 2010; Rajjou et al., 2012; Rodriguez et al., 2015; Nèe et al., 2017). Dormancy can be advantageous also in favorable environments since it spreads germination in time, thus reducing the competition among siblings and increasing the time available for seed dispersal. A complete loss of dormancy can be lethal, as evident from the viviparous mutants in many species (Chen et al., 2017); indeed, many wild species produce dormant seeds. On the other hand, seeds produced from various cultivated crop species show reduced dormancy; as an example, the trait of reduced dormancy has been selected during domestication of cereals and legumes to avoid erratic germination which would be detrimental for optimal productivity and grain use (Sugimoto et al., 2010; Rodriguez et al., 2015; Zinmeister et al., 2015; Sato et al., 2016; Ishibashi et al., 2017).

After a given period of dry storage, named ‘after-ripening,’ and/or through a period of moist chilling, named ‘cold stratification,’ the dormant seeds eventually loose their quiescent status and germinate. The mechanisms regulating this shift of status are complex, involving multiple semi-independent pathways involving hormones, dormancy-specific regulators and chromatin modifiers (Shu et al., 2016; Nèe et al., 2017). In particular, the balance between the two hormones abscisic acid (ABA) and gibberellins (GA) is a central node of regulation of dormancy; ABA and GA act, respectively, as inhibitor and promoters of germination (Piskurewicz et al., 2008; Lee et al., 2010; Rajjou et al., 2012; Shu et al., 2016). ABA is synthesized, in Arabidopsis seeds, in the endosperm, i.e., in the cell layer forming the inner part of the seed coat, which also comprises an external layer of dead cells named testa; germination starts with testa rupture and is completed with endosperm rupture; notably, the removal of the endosperm, but not of the seed testa, is sufficient to induce germination (Lee et al., 2010). Dormant seeds have the capacity to maintain, upon imbibition, high levels of ABA.

Reactive Oxygen Species (ROS) are key players in seed dormancy and longevity (Rajjou et al., 2012) and are produced during imbibition as well as during the dry state (Ventura et al., 2012), by enzymatic and non-enzymatic reactions. Inner structures are hypoxic environments, and seeds limit oxygen diffusion to extend their viability; indeed, ROS can act as cytotoxic agents by damaging nuclei acids, proteins and lipids; a role of hydrogen peroxide (H2O2) in seed aging has been thoroughly described by various research groups (Kumar et al., 2015; Wojtyla et al., 2016 and references therein). However, below a given ROS concentration threshold, seed would not germinate; a ‘ROS concentration window’ necessary for germination has been proposed: below a certain concentration the seeds remain dormant whereas, above a higher concentration, they start to loose their viability because of damage (Bailly et al., 2008; Leymarie et al., 2012; Ventura et al., 2012). H2O2 is implicated in the release of dormancy through endosperm loosening, its probable oxidation of reserve proteins and their mobilization, and its interaction with the hormones ABA and GA as well as with other signaling molecules, such as nitric oxide (NO) (Kumar et al., 2015; Wojtyla et al., 2016). Also, a selective oxidation of targeted mRNAs and proteins acts as positive mechanism for germination (Bazin et al., 2011; El-Maarouf-Bouteau et al., 2013). Such findings confirm what already established since years in both animal and plant cells, i.e., that ROS are not mere cytotoxic agents causing oxidative stress and damage of macromolecules but, at certain concentrations, they are in fact important signaling molecules involved in the so-called “redox biology” (Schieber and Chandel, 2014; Kumar et al., 2015; Mittler, 2017).

The shift of status from quiescent to active does not always represent, for an embryo, the ability to complete germination, since the seed coat might exert a mechanical resistance to rupture; this phenomenon is described as ‘coat-imposed’ dormancy and it involves the regulation of genes expression in the endosperm region surrounding the radicle tip (Nonogaki, 2014). According to a recent hypothesis, the induction of such genes is caused by mechanosensing (Dekkers et al., 2013; Nonogaki, 2014).

Experimental evidences supported, in the past, the idea that reduced seed longevity correlated with reduced dormancy; this notion has been recently challenged by a study of natural variation for seed longevity, in which the two traits are in fact negatively correlated, i.e., high levels of dormancy correlate with low storability (Nguyen et al., 2012).

LINK BETWEEN FE NUTRITIONAL STATUS, SEED DORMANCY AND SEED LONGEVITY

The impact of the plant iron (Fe) nutritional status in terms of yield and nutritional value of edible parts of staple crops inspired, since decades, the research on Fe uptake from soil, its distribution into the various plant organs, and its trafficking, storage and metabolism. A variety of agronomical, physiological, biochemical, genetic and “-omic” approaches have been applied and provided a detailed view on Fe nutrition mechanisms in plants (Briat et al., 2009; Morrissey and Guerinot, 2009; Roschzttardtz et al., 2009; Ramirez et al., 2011; Kobayashi and Nishizawa, 2012, 2014; Murgia et al., 2012, 2013; Vigani et al., 2013; Grillet et al., 2014; Brumbarova et al., 2015; Tsai and Schmidt, 2017).

Iron, when in a free, redox-active form, can catalyze the Fenton reaction, which produces hydroxyl radicals (OH⋅) from the less reactive H2O2 and ion superoxide (O2-⋅). The Fe metabolic status of a plant is therefore tightly connected with its ‘ROS status’ (Ravet and Pilon, 2013).

The diffusion kinetics of the different ROS species in seeds depend, among others, on seed status, whether desiccated or hydrated; this, in turn, influences how seeds can sense the different ROS; a detailed discussion of such a point can be found in Kumar et al. (2015).

Taken together, these premises suggest that changes in the Fe nutritional status of a mother plant might affect the dormancy of progeny seeds, as well as their longevity; indeed, the altered localization, concentration and, most important, redox state of Fe in seeds can exert profound effects in terms of change of balance among the different ROS species and, hence, on ROS diffusion and sensing.

The link between nitrate and seed dormancy is already established: increasing concentrations of nitrate in the growth medium of Arabidopsis plants cause a reduction of dormancy, in the progeny seeds (Alboresi et al., 2005). Further results obtained by these authors support the hypothesis that the nitrate accumulated in seeds is responsible for the perturbation of dormancy and that nitrate acts as a signal molecule (Alboresi et al., 2005). The exposure of Arabidopsis plants to low nitrate supply after flowering, decreases the germination rate of produced seeds, although no significant effects on dormancy are observed, after exposure to high nitrate supply (He et al., 2014). Phosphate can also slightly affect seed dormancy (He et al., 2014). The effect of Fe deficiency on seed dormancy has never been investigated, so far.

FE DEFICIENCY AFFECTS SEED DORMANCY

Arabidopsis ecotypes and mutants of various dormancy strengths are useful for exploring the link between Fe and dormancy; among the wt ecotypes, the widely used Col (Columbia) has intermediate dormancy, whereas Cvi (Cape Verde Island) is highly dormant and Bur (Burren, Ireland) is non-dormant (Footitt et al., 2013). Among the Arabidopsis mutants, ABA2 mutant overexpressing the ABA2 biosynthetic gene shows around 45% increase in ABA content whereas the aba2 mutant has approximately 27% residual ABA levels, compared to their wt Col; their dormancy is, respectively, longer and shorter than their wt Col (Lin et al., 2007).

Col (Col-0), Cvi, Bur, aba2, and ABA2OE were grown in control soil or under severe Fe deficiency, in alkaline soil (pH 8.4; soil prepared as described in Murgia et al., 2015). All the plants produced seeds, with the exception of aba2 grown in alkaline soil, which could not reach maturity. Dormancy of the ’freshly harvested’ seeds and of the ‘after-ripened’ ones (5 months old) was measured (Figures 1A,B, respectively). Germination of freshly harvested seeds of intermediate dormancy, such as ABA2OE and Col, shows that growth of the mother plant under Fe deficiency prolongs the dormancy of the seeds produced; ABA2OE and Col seeds show indeed a germination delay when their mother plants are grown in alkaline soil with respect to control soil (Figure 1A). Such an effect could not be observed in Cvi or in Bur ecotypes, since freshly harvested Cvi seeds remain dormant whereas Bur always germinate, regardless of the soil condition of their mother plant (Figure 1A). However, the ’after-ripening’ allows the Cvi seeds to partially weaken their dormancy and hence to unmask the effect of alkaline soil on seed germination (Figure 1B).
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FIGURE 1. Arabidopsis Col (Col-0), Cvi, Bur, aba2, and ABA2OE seeds collected from plants grown in control or in alkaline soil (pH 8.4) were tested for germination on moist paper at 22°C, 70 μmol photons m-2 sec-1, 16 h/8 h light/dark. (A) Germination of freshly harvested seeds after 24, 48, 72, 96 h or 1 week from imbibition, (B) germination of seeds after 5 months of storage at room temperature (after ripened seeds) after 24, 48, 72 or 96 h from imbibition. Each point is the mean value ± SE of % germinated seeds of at least six plates, with at least one hundred seeds each. (B) The line corresponding to Bur (in blue) completely overlaps the lines corresponding to Col control and Col pH 8.4.



These results obtained with different Arabidopsis lines of various dormancy strength, when grown under Fe deficiency, are compatible with the working hypothesis, i.e., that Fe deficiency alters establishment of dormancy in progeny seeds.

A negative correlation between seed dormancy and viability has been recently described in Arabidopsis (Nguyen et al., 2012), in Eruca sativa (Barazani et al., 2012; Hanin et al., 2013) and in Galinsoga parviflora and G. quadriradiate (De Cauwer et al., 2013). In a study conducted to investigate transgenerational Fe deficiency stress memory in Arabidopsis, it turned out that growth of more than one generation under mild Fe deficiency (soil at pH 7.7) had a positive impact on the longevity of the seeds produced (Murgia et al., 2015). Therefore, the negative correlation between dormancy and longevity, mentioned above, might not be conserved under Fe deficiency.

These results encourage to proceeding further with the analysis of the impact of Fe deficiency on seed dormancy and viability. The testing of a large-scale collection of ’freshly harvested’ seeds from various lines of intermediate dormancy, when grown under Fe-deficiency is needed. Production of such collection is quite demanding, since plants produce few seeds when grown under severe Fe deficiency and the collection of freshly harvested seeds implies accurate inspection of each silique on a daily basis, to guarantee a genuine fresh harvest.

Nevertheless, the suggested analysis could allow to confirm, at large scale, the effect of Fe nutrition on seed dormancy. Such a finding might represent the premise to proceed further in the detailed search of the molecular mechanisms underlying such a phenomenon; it would also enable to measure, at large scale, the natural longevity of the progeny seeds produced from mother plants exposed to different Fe nutritional conditions and its correlation with dormancy.

CONCLUDING REMARKS

The alteration in dormancy observed under Fe deficiency might be the outcome of the interplay between Fe and ROS occurring during the time-window spanning from seed maturity to germination. Tackling the issue of the extent and of the mechanisms involved in the Fe-deficiency-dependent alteration of dormancy and longevity can represent an important step forward in seed (redox) biology.

AUTHOR CONTRIBUTIONS

IM planned and performed the experiments. IM and PM analyzed and discussed the results obtained. IM wrote the manuscript, with contributions by PM.

ACKNOWLEDGMENTS

The authors are grateful to Dr. Steven Footit and Prof. William Finch-Savage for providing Bur and Cvi ecotypes, and to Prof. Wan-Hsing Cheng for the ABA2 OE and aba2 mutants.

REFERENCES

Alboresi, A., Gestin, C., Leydecker, M. T., Bedu, M., Meyer, C., and Truong, H. N. (2005). Nitrate, a signal relieving seed dormancy in Arabidopsis. Plant Cell Environ. 28, 500–512. doi: 10.1111/j.1365-3040.2005.01292.x

Bailly, C., El-Maarouf-Bouteau, H., and Corbineau, F. (2008). From intracellular signaling networks to cell death: the dual role of reactive oxygen species in seed physiology. C. R. Biol. 331, 806–814. doi: 10.1016/j.crvi.2008.07.022

Barazani, O., Quaye, M., Ohali, S., Barzilai, M., and Kigel, J. (2012). Photo-thermal regulation of seed germination in natural populations of Eruca sativa Miller (Brassicaceae). J. Arid Environ. 85, 93–96. doi: 10.1016/j.jaridenv.2012.06.011

Bazin, J., Langlade, N., Vincourt, P., Arribat, S., Balzergue, S., El-Maarouf-Bouteau, H., et al. (2011). Targeted mRNA oxidation regulates sunflower seed dormancy alleviation during dry after-ripening. Plant Cell 23, 2196–2208. doi: 10.1105/tpc.111.086694

Briat, J. F., Ravet, K., Arnaud, N., Duc, C., Boucherez, J., Touraine, B., et al. (2009). New insights into ferritin synthesis and function highlight a link between iron homeostasis and oxidative stress in plants. Ann. Bot. 105, 811–822. doi: 10.1093/aob/mcp128

Brumbarova, T., Bauer, P., and Ivanov, R. (2015). Molecular mechanisms governing Arabidopsis iron uptake. Trends Plant Sci. 20, 124–133. doi: 10.1016/j.tplants.2014.11.004

Chen, Y., Li, J., Fan, K., Du, Y., Ren, Z., Xu, J., et al. (2017). Mutations in the maize zeta-carotene desaturase gene lead to viviparous kernel. PLOS ONE 12:e0174270. doi: 10.1371/journal.pone.0174270

De Cauwer, B., Devos, R., Claerhout, S., Bulcke, R., and Reheul, D. (2013). Seed dormancy, germination, emergence and seed longevity in Galinsoga parviflora and G. quadriradiata. Weed Res. 54, 38–47. doi: 10.1111/wre.12055

Dekkers, B. J., Pearce, S., van Bolderen-Veldkamp, R. P., Marshall, A., Widera, P., Gilbert, J., et al. (2013). Transcriptional dynamics of two seed compartments with opposing roles in Arabidopsis seed germination. Plant Physiol. 163, 205–215. doi: 10.1104/pp.113.223511

El-Maarouf-Bouteau, H., Meimoun, P., Job, C., Job, D., and Bailly, C. (2013). Role of protein and mRNA oxidation in seed dormancy and germination. Front. Plant Sci. 4:77. doi: 10.3389/fpls.2013.00077

Footitt, S., Huang, Z., Clay, H. A., Mead, A., and Finch-Savage, W. E. (2013). Temperature, light and nitrate sensing coordinate Arabidopsis seed dormancy cycling, resulting in winter and summer annual phenotypes. Plant J. 74, 1003–1015. doi: 10.1111/tpj.12186

Grierson, C. S., Barnes, R. S., Chase, M. W., Clarke, M., Grierson, D., Edwards, K. J., et al. (2011). One hundred important questions facing plant science research. New Phytol. 192, 6–12. doi: 10.1111/j.1469-8137.2011.03859.x

Grillet, L., Mari, S., and Schmidt, W. (2014). Iron in seeds–loading pathways and subcellular localization. Front. Plant Sci. 4:535. doi: 10.3389/fpls.2013.00535

Gubler, F., Millar, A. A., and Jacobsen, J. V. (2005). Dormancy release, ABA and pre-harvest sprouting. Curr. Opin. Plant Biol. 8, 183–187. doi: 10.1016/j.pbi.2005.01.011

Hanin, N., Quaye, M., Westberg, E., and Barazani, O. (2013). Soil seed bank and among-years genetic diversity in arid populations of Eruca sativa Miller (Brassicaceae). J. Arid Environ. 91, 151–154. doi: 10.1016/j.jaridenv.2013.01.004

He, H., Vidigal, D. S., Snoek, L. B., Schabel, S., Nijveen, H., Hilhorst, H., et al. (2014). Interaction between parental environment and genotype affects plant and seed performance in Arabidopsis. J. Exp. Bot. 65, 6603–6615. doi: 10.1093/jxb/eru378

Ishibashi, Y., Aoki, N., Kasa, S., Sakamoto, M., Kai, K., Tomokiyo, R., et al. (2017). The interrelationship between abscisic acid and reactive oxygen species plays a key role in barley seed dormancy and germination. Front. Plant Sci. 8:275. doi: 10.3389/fpls.2017.00275

Kobayashi, T., and Nishizawa, N. K. (2012). Iron uptake, translocation, and regulation in higher plants. Annu. Rev. Plant Biol. 63, 131–152. doi: 10.1146/annurev-arplant-042811-105522

Kobayashi, T., and Nishizawa, N. K. (2014). Iron sensors and signals in response to iron deficiency. Plant Sci. 224, 36–43. doi: 10.1016/j.plantsci.2014.04.002

Kranner, I., Minibayeva, F. V., Beckett, R. P., and Seal, C. E. (2010). What is stress? Concepts, definitions and application in seed science. New Phytol. 188, 655–673. doi: 10.1111/j.1469-8137.2010.03461.x

Kumar, S. P. J., Prasad, S. R., Banerjee, R., and Thammineni, C. (2015). Seed birth to death: dual functions of reactive oxygen species in seed physiology. Ann. Bot. 116, 663–668. doi: 10.1093/aob/mcv098

Lee, K. P., Piskurewicz, U., Tureckova, V., Strnad, M., and Lopez-Molina, L. (2010). A seed coat bedding assay shows that RGL2-dependent release of abscisic acid by the endosperm controls embryo growth in Arabidopsis dormant seeds. Proc. Natl. Acad. Sci. U.S.A. 107, 19108–19113. doi: 10.1073/pnas.1012896107

Leymarie, J., Vitkauskaitè, G., Hoang, H. H., Gendreau, E., Chazoule, V., Meimoun, P., et al. (2012). Role of reactive oxygen species in the regulation of Arabidopsis seed dormancy. Plant Cell Physiol. 53, 96–106. doi: 10.1093/pcp/pcr129

Lin, P. C., Hwang, S. G., Endo, A., Okamoto, M., Koshiba, T., and Cheng, W. H. (2007). Ectopic expression of ABSCISIC ACID 2/GLUCOSE INSENSITIVE 1 in Arabidopsis promotes seed dormancy and stress tolerance. Plant Physiol. 143, 745–758. doi: 10.1104/pp.106.084103

Mittler, R. (2017). ROS are good. Trends Plant Sci. 22, 11–19. doi: 10.1016/j.tplants.2016.08.002

Morrissey, J., and Guerinot, M. L. (2009). Iron uptake and transport in plants: the good, the bad, and the ionome. Chem. Rev. 109, 4553–4567. doi: 10.1021/cr900112r

Murgia, I., Arosio, P., Tarantino, D., and Soave, C. (2012). Biofortification for combating “hidden hunger” for iron. Trends Plant Sci. 17, 47–55. doi: 10.1016/j.tplants.2011.10.003

Murgia, I., De Gara, L., and Grusak, M. (2013). Biofortification: How can we exploit plant science to reduce micronutrient deficiencies? Front. Plant Sci. 4:429. doi: 10.3389/fpls.2013.00429

Murgia, I., Giacometti, S., Balestrazzi, A., Paparella, S., Pagliano, C., and Morandini, P. (2015). Analysis of the transgenerational iron deficiency stress memory in Arabidopsis thaliana plants. Front. Plant Sci. 6:745. doi: 10.3389/fpls.2015.00745

Nèe, G., Xiang, Y., and Soppe, W. J. J. (2017). The release of dormancy, a wake-up call for seeds to germinate. Curr. Opin. Plant Biol. 35, 8–14. doi: 10.1016/j.pbi.2016.09.002

Nguyen, T. P., Keizer, P., van Eeuwijk, F., Smeekens, S., and Bentsink, L. (2012). Natural variation for seed longevity and seed dormancy are negatively correlated in Arabidopsis. Plant Physiol. 160, 2083–2092. doi: 10.1104/pp.112.206649

Nonogaki, H. (2014). Seed dormancy and germination-emerging mechanisms and new hypotheses. Front. Plant Sci. 5:233. doi: 10.3389/fpls.2014.00233

Piskurewicz, U., Jikumaru, Y., Kinoshita, N., Nambara, E., and Kamiya, Y. (2008). The gibberellic acid signaling repressor RGL2 inhibits Arabidopsis seed germination by stimulating abscisic acid synthesis and ABI5 activity. Plant Cell 20, 2729–2745. doi: 10.1105/tpc.108.061515

Rajjou, L., Duval, M., Gallardo, K., Catusse, J., Bally, J., Job, C., et al. (2012). Seed germination and vigor. Annu. Rev. Plant Biol. 63, 507–533. doi: 10.1146/annurev-arplant-042811-105550

Ramirez, L., Simontacchi, M., Murgia, I., Zabaleta, E., and Lamattina, L. (2011). Nitric oxide, nitrosyl iron complexes, ferritin and frataxin: a well equipped team to preserve plant iron homeostasis. Plant Sci. 181, 582–592. doi: 10.1016/j.plantsci.2011.04.006

Ravet, K., and Pilon, M. (2013). Copper and iron homeostasis in plants: the challenges of oxidative stress. Antiox. Redox Signal. 19, 919–932. doi: 10.1089/ars.2012.5084

Rodriguez, M. V., Barrero, J. M., Corbineau, F., Gubler, F., and Benech-Arnold, R. L. (2015). Dormancy in cereals (not too much, not so little): about the mechanisms behind this trait. Seed Sci. Res. 25, 99–119. doi: 10.1017/S0960258515000021

Roschzttardtz, H., Conéjéro, G., Curie, C., and Mari, S. (2009). Identification of the endodermal vacuole as the iron storage compartment in the Arabidopsis embryo. Plant Physiol. 151, 1329–1338. doi: 10.1104/pp.109.144444

Sato, K., Yamane, M., Yamaji, N., Kanamori, H., Tagiri, A., Schwerdt, J. G., et al. (2016). Alanine aminotransferase controls seed dormancy in barley. Nat. Commun. 7:11625. doi: 10.1038/ncomms11625

Schieber, M., and Chandel, N. S. (2014). ROS function in redox signaling and oxidative stress. Curr. Biol. 24, R453–R462. doi: 10.1016/j.cub.2014.03.034

Shu, K., Liu, X. D., Xie, Q., and He, Z. H. (2016). Two faces of one seed: hormonal regulation of dormancy and germination. Mol. Plant. 4, 34–45. doi: 10.1016/j.molp.2015.08.010

Sugimoto, K., Takeuchi, Y., Ebana, K., Miyao, A., Hirochika, H., Hara, N., et al. (2010). Molecular cloning of Sdr4, a regulator involved in seed dormancy and domestication of rice. Proc. Natl. Acad. Sci. U.S.A. 107, 5792–5797. doi: 10.1073/pnas.0911965107

Tsai, H. H., and Schmidt, W. (2017). One way. Or another? Iron uptake in plants. New Phytol. 214, 500–505. doi: 10.1111/nph.14477

Ventura, L., Donà, M., Macovei, A., Carbonera, D., Buttafava, A., Mondoni, A., et al. (2012). Understanding the molecular pathways associated with seed vigor. Plant Physiol. Biochem. 60, 196–206. doi: 10.1016/j.plaphy.2012.07.031

Vigani, G., Zocchi, G., Bashir, K., Philippar, K., and Briat, J. F. (2013). Cellular iron homeostasis and metabolism in plant. Front. Plant. Sci. 4:490. doi: 10.3389/fpls.2013.00490

Wojtyla, L., Lechowska, K., Kubala, S., and Garnczarska, M. (2016). Different modes of hydrogen peroxide action during seed germination. Front. Plant Sci. 7:66. doi: 10.3389/fpls.2016.00066

Zinmeister, J., Lalanne, D., Terrasson, E., Chatelain, E., Vandecasteele, C., Vu, B. L., et al. (2015). ABI5 is a regulator of seed maturation and longevity in legumes. Plant Cell 28, 2735–2754. doi: 10.1105/tpc.16.00470

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Murgia and Morandini. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers

in Plant Science

Iron Deficiency Prolongs Seed
Dormancy in Arabidopsis Plants





OPS/images/cross.jpg
3,

i





OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-08-02077-g001.jpg
% germination

% germination

freshly-harvested seeds
100 w

90
80
70
60
50
40
30
20
10

Oh 24 h 48h 72h 9% h 1Tweek

after-ripened seeds

100 —&8—Col

90
80
70
60
50
40
30
20
10

ColpH 8.4
——Cvi
= X =CvipH8.4
—&— Bur
- © -BurpHS8.4
—&— aba2
—— ABA2 OE

- & - ABA2 OE pHB 4

Oh 24h 48h 72h 96h





