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Abstract

:

Anthyllis barba-jovis is a salt and drought tolerant evergreen shrub, native of the western-central Mediterranean coasts, with ornamental characteristics that make it worthy to be exploited for commercial use as an ornamental and landscape plant. Therefore, the present study aimed to determine germination as affected by seed-coat, temperature, photoperiod, and seed storage period, as a first approach to introduce the species into the floriculture industry. Seeds scarified or non-scarified, recently harvested or after storage at room temperature in the dark for 12, 24, or 36 months were placed for germination in vitro on Murashige and Skoog (MS) medium, under 16 h photoperiod (LD) or continuous darkness, at 5–35 °C, at 5 °C intervals. Seed pre-treatment by mechanical scarification with sandpaper highly promoted their germinability. Seeds germinated in all treatments at varying percentages. Photoperiod had no significant effect on germination. Cardinal temperatures for germination were defined at 35 °C and 5 °C (possibly even lower, particularly for up to 1-year-old seeds, which germinated at 30–58% at 5 °C when scarified). Temperatures from 15 to 25 °C were optimal for germination of recently harvested or 1-year-old seeds (82–98% when scarified), whereas older seeds germinated at higher percentages at 20 °C (65–97% when scarified), thus long storage affected both the range of optimal temperatures for germination and the germination percentage. Storage reduced germination mostly of non-scarified seeds. Three years after harvesting A. barba-jovis seeds germinated at high percentages (77%) at 20 °C and LD when scarified, while without scarification germination was less than 10% in all treatments.
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1. Introduction


The plant communities of Mediterranean ecosystems being particularly rich and hosting approximately 25,000 species of vascular plants are a large pool of species that could have a very significant impact on urban and suburban landscaping [1]. A significant number of these species are drought and heat tolerant and show high ornamental potential that makes them suitable for xeriscaping. Furthermore, many of them are associated with the ancient Greek and Roman mythology and are therefore of high interest as components of botanic, historical, or other thematic gardens.



Anthyllis barba-jovis (f. Fabaceae, Jupiter’s Beard, Spur Valerian), native to the western-central Mediterranean Basin [2,3,4] is a perennial, silvery, evergreen, shrub, up to 1.5 m tall, found in different habitats, blooming from April to June bearing big inflorescences with pale yellow flowers [5]. The leaves are feathered, alternated, odd-pinnate, small (3–5 cm), with scattered hairs of silvery grey-green colors on the top surface and silky silvery white-grey on the underside [6]. A. barba-jovis is resistant to salty sea spray and it is native in rocky, calcareous cliffs, being a protected species in France and Croatia [7,8,9]. The species is included in a risk category in Italy although the areas inhabited by the species are not affected directly by anthropogenic modification [10].



A. barba-jovis has the potential to be introduced as an ornamental landscape plant in the floriculture industry, appropriate for urban and peri-urban green spaces, including archaeological sites [11], for xeriscaping, coastal planting, and degraded soil areas. Its tolerance to high salinity, wind, heat, and drought makes it even more suitable for areas threatened by soil erosion [2,12]. Apart from this, the species is of nutritional and medicinal interest; it is important as an alternative food for bees in Mediterranean coastal areas [13] and has been studied for possible use in the pharmaceutical industry, due to its antioxidants and flavanols content in the aerial parts and seeds [14].



Temperature and photoperiod are two basic, ecological factors of high importance for seed germination, affecting both the germination percentage and speed via seed imbibition and the regulation of germination processes [15]. Therefore, there is a range of cardinal temperatures within which germination can take place. There are data on the appropriate temperature requirements of agronomic crops, but there are many native plant species of ornamental or medicinal value for which there is little information on their ‘thermal’ profile, i.e., the lowest, optimum, and maximum temperatures for seed germination [15].



A. barba-jovis has hard seeds; a common problem with hard seeds is that they either fail to germinate or germinate at very low rates, even under favorable environmental conditions [16]. As is the case with most members of Fabaceae [17], A. barba-jovis has seeds with a physical dormancy due to their water-impermeable teguments, which was not reduced one year after harvesting [12]. Seed coat impermeability prevents water absorption and, thus, embryo germination [18,19]. Usually, it is faced by seed pre-treatment with mechanical or chemical scarification before providing the adequate environmental conditions for germination. Scarification is applied by immersion in concentrated sulfuric acid or hot water, or by using sandpaper or a sharp instrument to chip or pierce the seed coat, while the optimal pre-treatment differs between species and even between seed lots [20].



Storage period and conditions are of high importance, affecting the germination process [21]. Dormancy-break can occur during dry storage of non-deep dormant seeds with physiological dormancy, while for hard coat seeds it has been proved that seed longevity is associated with their hard-impermeable surface [21]. Long-lived seed-banks are of high importance for species that inhabit areas with irregular rainfall [22]. Moreover, plants have evolved germination-regulating mechanisms to enforce dormancy depending on environmental conditions and, as a result, behavior of seeds is often heterogenous [23]. Thus, seed age and storage conditions are critical factors in seed germination studies.



In a previous study on germination of A. barba-jovis [12], it was found that the optimal temperature for germination is 20 °C, but there is no information on the effect of photoperiod and long storage on germination. Further studies on germination could enhance the use of appropriate practices in nurseries in order to facilitate the use of the species as an ornamental and landscape plant.



Therefore, the present study aimed to investigate the germinability of A. barba-jovis by determining the optimal and cardinal germination temperatures, the effect of photoperiod, and the effect of storage period on the germination of the species, with the ultimate goal being the introduction of the species to the floricultural industry.




2. Materials and Methods


2.1. Seed Material


Seeds were harvested at the stage of full maturity in late November–early December 2012, 2013, and 2014, from an A. barba-jovis plant at the Botanic Garden of Philodassiki Society at Mt. Hymettus Aesthetic Forest, Attica, Greece (lat 37°57′37.0″ Ν, long 23°47′53.4″ Ε). The seeds were left to dry spread out in trays on a laboratory bench for 15 d and then stored in glass vessels that were put into Styrofoam boxes in a cupboard (to provide darkness) under room conditions (RH 40–60%, room temperature 21 ± 2 °C) until used in germination experiments. The seed pericarp was separated manually before the use of seeds in experimental treatments.




2.2. Seed Viability


In order to determine seed viability, seeds were submitted to 2,3,5-triphenil tetrazolium chloride (TZ) staining (1.0%), at 20 °C, in D, for 24 h. A total of 100 seeds were used (25 seeds/ Magenta™ glass vessel, 4 vessels containing 25 mL of TZ-solution each) for each test. The embryo of viable seeds was colored red. Embryos that had less than ½ cotyledon colored-red or non-colored hypocotyl were considered non-viable [24]. The coloration of the embryo was observed using a portable QS.20200-P (Euromex Microscopen, Arnhem, The Netherlands) microscope.



A viability test was performed before the seeds of a particular lot were used in a germination experiment. Thus, seeds of the 2014 harvest were tested for viability immediately after their harvest, seeds of the 2013 harvest were tested after 12 months of storage, and seeds of the 2012 harvest were tested after 24 and 36 months of storage.




2.3. Mechanical Scarification


Mechanical scarification of seeds took place by rubbing them between two sheets of sandpaper (No 100), for 1 min.




2.4. In Vitro Germination


Seeds were surface-sterilized with 0.92% sodium hypochlorite (NaClO) containing 1–2 drops of 0.1% Tween 20 (polyxyethylenesorbitan monolaurate, MERCK), for 20 min under continuous stirring, followed by three rinses of 3 min each with sterile distilled water. Then, seeds were put for germination in 9 cm Petri dishes containing 20 mL of half-strength Murashige and Skoog (MS) medium [25] with 20 g L−1 sucrose solidified with 8 g L−1 agar. The pH of the medium was adjusted to 5.7–5.8 before autoclaving at 120 °C for 20 min.



Four experiments were carried out, i.e., with (a) recently harvested (15 days old) seeds of the 2014 harvest, (b) 12-month-old seeds of the 2013 harvest, (c) 24-month-old seeds of the 2012 harvest, and (d) 36-month-old seeds of the 2012 harvest. In each of these four experiments, scarified and non-scarified seeds were used to test their germination capacity under various temperature and photoperiod conditions. The response to temperature was assessed in the range 5–35 °C, in 5 °C intervals, under continuous darkness (D) or long days (LD), i.e., Petri dish cultures were incubated at 5, 10, 15, 20, 25, 30, and 35 °C, either in 24 h D or in the LD condition of 16 h cool white fluorescent light (37.5 μmol·m−2·s−1)/8 h dark.



Germination was recorded every second day for a period up to 45 d. Germination was defined as the appearance of a radicle at least 2 mm long according to the rules of the International Seed Testing Association [26], and T50 was defined as the time for 50% of the final percentage of germination.




2.5. Experimental Design and Statistical Analysis


A factorial experiment with three main factors was carried out for each storage period of seeds (i.e., four experiments). The factors were: seed scarification pre-treatment (mechanical scarification or not), temperature (5, 10, 15, 20, 25, 30, and 35 °C), and photoperiod (LD or D). The experiments followed the completely randomized design, with five replications of 20 seeds each (100 seeds per treatment).



The significance of the results was tested by one-, two-, and three-way analysis of variance. The standard errors (SE) of the treatment means were calculated and means were compared by Student’s t test at p ≤ 0.05 (JMP 11.0 software; SAS Institute Inc., Cary, NC, USA). Τo ensure the homogeneity of the variance, the data of germination percentage were arcsine transformed before the statistical analysis. Principal coordinate analysis (PCA) was also used to assist in visualizing the data.





3. Results


3.1. Seed Viability


The embryos of viable A. barba-jovis seeds submitted to TZ test were stained red (Figure 1). Seeds when scarified (Figure 2) showed very high viability even after 24 months of storage at room temperature, while their viability was reduced by about 15% after 36 months of storage (Figure 3). Scarification allowed the dye to better penetrate the seed and determine viability, while in non-scarified seeds, viability was underestimated by about 35% compared to scarified seeds in all storage treatments (Figure 3).




3.2. Seed Germination


Three-way ANOVA of germination percentages at each seed-storage period showed a significant interaction between the main experimental factors, i.e., scarification pre-treatment, temperature, photoperiod (three-way ANOVA results not presented). However, the data clearly showed that scarification promoted the percentage and speed of germination at all temperatures and storage periods, with the exception of germination at 35 °C (Figure 4, Figure 5 and Figure 6). Thus, we performed two-way ANOVA analyses of data separately for scarified and non-scarified seeds for each storage period.



Seeds of A. barba-jovis germinated at a wide range of temperatures, 5–35 °C, with highest germination occurring in the 15–25 °C range, where scarified seeds germinated at 65–98% depending on the period of storage. Seeds harvested recently or stored for up to one year germinated at higher percentages, particularly in extreme temperatures and when non-scarified, compared to seeds stored for longer periods (Figure 4). Photoperiod had no significant effect on germination percentage, with the exception of non-scarified seeds harvested recently or stored for up to one year whose germination percentage was slightly promoted by D (significance of two-way ANOVA), particularly at suboptimal temperatures (Figure 4). Further, there was a significant interaction between photoperiod and temperature in germination percentages of scarified seeds and in most cases in germination time.



Recently harvested seeds when scarified germinated at 84–98% at 10–25 °C regardless of photoperiod, with T50 6–12 d and germination period 16–30 d (Figure 4, Figure 5 and Figure 6). At this temperature range, D induced faster completion of germination (16–26 d in D vs. 24–30 d in LD), and at 10 °C it induced higher germination percentage (91% in D vs. 84 in LD). Non-scarified seeds harvested recently reached 65% germination at 20 °C regardless of photoperiod, and their germination percentage was reduced even more at lower or higher temperatures. Germination percentage was reduced over 25 °C and below 10 °C regardless of photoperiod and scarification pre-treatment (Figure 4).



One-year-old seeds when scarified germinated at 82–96% at 10–25 °C regardless of photoperiod, with T50 12–16 d and a germination period 32–40 d (Figure 4, Figure 5, Figure 6 and Figure 7), i.e., germination was delayed compared to seeds that were recently harvested, while non-scarified seeds only reached 30–60% germination percentage, which was completed in a similar time period to recently harvested seeds, although non-scarified seeds showed delayed T50 (22–28 d). Germination percentage was reduced at temperatures lower than 10 °C and higher than 25 °C Figure 4, Figure 5 and Figure 6).



Two-year-old seeds when scarified germinated at 89–97% at 15 and 20 °C in LD, while in D germination percentages were reduced to 83–84%. The germination of non-scarified seeds was reduced much more, reaching 22–38% at most favorable temperatures, i.e., 15–25 °C (Figure 4).



The highest germination percentage for three-year-old seeds when scarified was 77%, at 20 °C, in LD (Figure 4b). In D the highest germination rate of scarified seeds was 62–65% at 15–20 °C (Figure 4d). Non-scarified seeds germinated at very low percentages, the germination percentage being in the range of 22–24% at the most favorable temperatures (20–30 °C) in D (Figure 4a,c).



PCA analysis (Figure 8) transformed the original data of germination and different parameters in a set of uncorrelated new variables (principal components including eigenvalues > 1). PCA produced three components, in declining order of importance and explained 79.18% of the total variability among the germination percentages of scarified and non-scarified seeds. The first PC component (PC1) accounted for 40.91% of the total variation and was defined by T50 and GT. The second PCA component (PC2) explained another 21.59% of the total variation and was defined by the seed age, the temperature, and the germination percentage. The third PCA component (PC3) includes only photoperiod explaining 16.67% of total variation (Table 1) confirming the two-way ANOVA.





4. Discussion


The optimal temperatures for germination of Mediterranean species overall are in the range of 15–20 °C [27,28,29] and for Anthyllis spp. 20 °C was found most favorable for germination [12,30]. In the present study it was found that the range of optimal temperatures for germination of A. barba-jovis seeds recently harvested or stored for up to one year was quite wide, i.e., 10–25 °C. This partly verifies the results of Morbidoni et al. [12], according to which scarified 1-year-old seeds of A. barba-jovis (stored at room temperature as in our work and placed for germination in the dark) germinated up to 84% at 20 °C, but germination percentage was significantly reduced at lower and higher temperatures. In our work, reduction in germination percentage under dark at 15 °C and 25 °C compared to 20 °C was found only after three years of storage at room temperatures.



At very high or very low temperatures (35 °C or 5 °C) germination was significantly reduced, especially at 35 °C; however, germination occurred at quite high percentages (63–91% respectively, depending on photoperiod conditions for up to 2-year-old scarified seeds) even at 30 °C or 10 °C, contrary to Morbidoni et al.’s [12] results where germination was much lower (5–55%, respectively) at the same thermal conditions, probably due to genotypic variation between different clones of the species. Germination of A. barba-jovis took place even at 5 °C, reaching as high as 55–58% under dark condition for scarified seeds recently harvested or stored for up to one year. Thus, although 35 °C could be defined as cardinal for germination of A. barba-jovis seeds, 5 °C may not be, as germination was significant at this temperature and lower temperatures were not tested.



There are a number of works reporting similar optimum temperature requirements for other members of Mediterranean vegetation, i.e., 15 °C for Dianthus fruticosus and Globularia alypum [31,32], 15–20 °C for Coridothymus capitatus, Origanum vulgare subsp. hirtum, and Satureja thymbra [27], 20–25 °C for Sideritis athoa [33] and Sideritis syriaca L. ssp. syriaca [34], 15–25 for Teucrium capitatum [35], 10–30 for Clinopedium nepeta and C. creticum [36,37]. However, none of the above species showed such wide thermal range for high germination percentages as A. barba-jovis. Thus, the wide thermal range, from 5 °C to 35 °C, for effective germination, and the ability to germinate rapidly, indicate the high potential of A. barba-jovis to establish in a number of countries, as an ornamental plant or a plant for landscape restoration.



Mechanical scarification by sandpaper accelerated germination and improved the overall germination percentage both under LD and D. Recently harvested seeds and seeds after one year of storage germinated at 60–65% without scarification pre-treatment at the optimal germination temperature of 20 °C. Scarification increased germination percentages two- to three-fold in all treatments, except when seeds were put for germination at 35 °C, where scarification was slightly inhibitory, possibly because scarified seeds or substrate were drying at this high temperature. The promotion of germination by scarification confirmed their physical dormancy, in agreement with previous studies on the species [12] and as is usually the case in most members of the Fabaceae family [17].



Scarifying with sandpaper was the most effective method in comparison to chemical scarification in many species [38,39,40,41,42]. Scarification with concentrated sulfuric acid as an alternative to mechanical scarification, although in many cases has been proven a very effective method resulting in high germination percentages, could be risky for the environment or the seeds [41,43]. Mechanical scarification by hand, using sandpaper or a blade, is suggested for testing the effect of dormancy break on germination in the laboratory [41], enhancing germination in several hard-seeded species, facilitating water entry and exchange of gas. It activates enzymatic hydrolysis, and the consequence is the promotion of seed germination [44]. The method is easy and, moreover, it has a low environmental footprint [45].



Seeds showed high vitality, even when stored at room temperature. Storage reduced seed germination, particularly when incubated for germination under D and when excided at two years, but even 3-year-old seeds germinated at 77% with T50 = 12 and completed their germination in 26 d, when put for germination at 20 °C and LD. Seed longevity is an adaptive aspect of high importance to ensure survival of the species in nature [46].



Anthropogenic pressure is strong in many areas of the planet and biodiversity is endangered. Landscape designers and ornamental horticulture could use a series of new, commercially attractive, agronomic, and horticultural plants of high ornamental value. Furthermore, members of Fabaceae are adapted to arid and semi-arid environments and are of high capacity to grow in poor soil being basal species for Mediterranean ecosystems [47]. Seed germination is a critical stage for undomesticated species and plants grown from seeds have high quality; therefore, ecophysiology studies could lead to the production of a high number of plants enjoying a prolonged lifespan [48,49].




5. Conclusions


The present study revealed that A. barba-jovis seeds, either recently harvested or after being stored at room temperature for three years, germinated at very high percentages when scarified by sandpaper regardless photoperiod.



For recently harvested or 1-year-old seeds, the optimal temperatures for germination were from 15 °C to 25 °C (82–98% germination for scarified seeds, 27–65% for non-scarified), while older seeds germinated at higher percentages (65–97% when scarified, 10–23% when non-scarified) at 20 °C; thus, long storage affected both the range of optimal temperatures for germination and the percentage of germination.



Therefore, this work determined the range of temperatures that induce the maximum germination percentages of A. barba-jovis seeds in relation to storage period, as well as the time required to achieve germination in relation to temperature and storage period. This knowledge is particularly useful for the promotion of the species for commercial exploitation in the floricultural industry.
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Figure 1. Viable embryos A. barba-jovis, colored-red (cotyledon and radicle) (a,b) and non-viable embryo with ½ cotyledon colored-red (c). 
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Figure 2. Scanning electron microscopy image of non-scarified (a) and scarified by sandpaper (b) seed coat morphology of A. barba-jovis seeds, at low (1), medium (2), and high (3) magnification (×20, ×1000, ×2000, respectively). Non-scarified intact seed (a1); surface of exotesta of non-scarified seed (a2); surface of exotesta of non-scarified seed closer (a3); scarified intact seed (b1); exotesta after scarification and palisade layer (b2); surface of palisade area after the removal of exotesta (b3). 
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Figure 3. Viability test results of A. barba-jovis seeds as affected by mechanical scarification (scarified or non-scarified seeds) and seed-storage period (0, 12, 24, or 36 months). F significant at p ≤ 0.001; mean (±SE) separation by Student’s t test at p ≤ 0.05; mean values followed by the same letter are not significantly different at p ≤ 0.05; n = 4, 25 seeds/vessel (total 100 seeds per treatment). 






Figure 3. Viability test results of A. barba-jovis seeds as affected by mechanical scarification (scarified or non-scarified seeds) and seed-storage period (0, 12, 24, or 36 months). F significant at p ≤ 0.001; mean (±SE) separation by Student’s t test at p ≤ 0.05; mean values followed by the same letter are not significantly different at p ≤ 0.05; n = 4, 25 seeds/vessel (total 100 seeds per treatment).



[image: Horticulturae 08 00889 g003]







[image: Horticulturae 08 00889 g004 550] 





Figure 4. Germination percentage of A. barba-jovis seeds as affected by scarification (non-scarified or scarified), incubation temperature (5, 10, 15, 20, 25, 30, or 35 °C), photoperiod (16 h light/8 h darkness: LD, continuous darkness: D) and seed-storage period (15 days and 12, 24, 36 months). Two-way ANOVA results for non-scarified seeds: 15-days storage period: Ftemperature × photoperiod NS, Ftemperature ***, Fphotoperiod **; 12-months storage period: Ftemperature×photoperiod NS, Ftemperature ***, Fphotoperiod *; 24-months storage period: Ftemperature×photoperiod NS, Ftemperature **, Fphotoperiod NS; 36-day storage period: Ftemperature×photoperiod *, Fone-way ANOVA ***. Two-way ANOVA results for scarified seeds: 15-day storage period: Ftemperature×photoperiod *, Fone-way ANOVA ***; 12-month storage period: Ftemperature×photoperiod *, Fone-way ANOVA ***; 24-month storage period: Ftemperature×photoperiod **, Fone-way ANOVA ***; 36-day storage period: Ftemperature×photoperiod **, Fone-way ANOVA ***; NS: non-significant at p ≤ 0.05; *, **, ***: significant at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, respectively; n = 5, 20 seeds/Petri dish (total 100 seeds per treatment). SEs of the means are shown in each incubation temperature. 
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Figure 5. Time for 50% germination (T50) of A. barba-jovis seeds as affected by scarification (non-scarified or scarified), incubation temperature (5, 10, 15, 20, 25, 30, or 35 °C), photoperiod (16 h light/8 h darkness: LD or continuous darkness: D) and seed-storage period (15 days or 12, 24, 36, months). Data (days) are marked on the bars. 
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Figure 6. Germination period of A. barba-jovis seeds as affected by scarification (non-scarified: NS or scarified: S), incubation temperature (5, 10, 15, 20, 25, 30, or 35 °C), photoperiod (16 h light/8 h darkness: LD or continuous darkness: D) and seed-storage period (15 days or 12, 24, 36, months). Two-way ANOVA results for non-scarified seeds: 15-day storage period: Ftemperature×photoperiod ***, Fone-way ANOVA ***; 12-month storage period: Ftemperature×photoperiod ***, Fone-way ANOVA ***; 24-month storage period: Ftemperature×photoperiod ***, Fone-way ANOVA ***; 36-day storage period: Ftemperature×photoperiod ***, Fone-way ANOVA ***. Two-way ANOVA results for scarified seeds: 15-day storage period: Ftemperature×photoperiod ***, Fone-way ANOVA ***; 12-month storage period: Ftemperature×photoperiod NS, Ftemperature ***, Fphotoperiod NS; 24-month storage period: Ftemperature×photoperiod NS, Ftemperature ***, Fphotoperiod NS; 36-day storage period: Ftemperature×photoperiod ***, Fone-way ANOVA ***; NS: non-significant at p ≤ 0.05; *, **, ***: significant at p ≤ 0.05, p ≤ 0.01, p ≤ 0.001, respectively; n = 5, 20 seeds/Petri dish (total 100 seeds per treatment). Mean separation in non-scarified or scarified seeds by Student’s t, p ≤ 0.05; means followed by the same letter are not significantly different at p ≤ 0.05. 
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Figure 7. Scarified seeds of A. barba-jovis, 12 months old, in Petri dishes, containing half strength MS, at 20 °C, under 16 h light/8 h darkness: LD (a) or continuous darkness: D (b), after 4 (1), 18 (2), and 28 (3) days of incubation. 
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Figure 8. Principal components calculation (PCA) of variation on germination data. 
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Table 1. Results of PCA of variation on germination data.
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Principal Components




	
1

	
2

	
3




	
% Contribution of variability




	
40.91

	
21.59

	
16.67




	
Related variables




	
T50

	
AGE

	
PHOT




	
GT

	
TEMP

	




	

	
GERM

	








Time for 50% of germination (T50); seed age (AGE); photoperiod (PHOT); germination time (GT); temperature (TEMP); germination percentage (GERM).
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