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Abstract

:

Enterolobium cyclocarpum and Piscidia piscipula are two important tree Fabaceae species distributed from the Yucatan Peninsula, Mexico. Our aims were focused on the E. cyclocarpum and P. piscipula seeds for: (1) to examine the seed permeability and imbibition rate, (2) to evaluate the effect of seed pre-germinative treatments, and (3) to characterize the structures involved on the presence of physical dormancy (PY). We used fresh seeds to determine seed permeability and imbibition rate, seed viability by means of tetrazolium test, furthermore, we applied mechanical scarification and boiler shocks for 5 s, 10 s and 15 s treatments. Morphological characterization of the seed coat was by Scanning Electron Microscope (SEM). Seed viability in E. cyclocarpum and P. piscipula were 100% and 96%, respectively. Seed permeability and imbibition rate in E. cyclocarpum were low. The highest germination in E. cyclocarpum was in the mechanical scarification (92%), while in P. piscipula, this parameter was in the 10 s boiling water treatment (76.0%). The presence of PY was confirmed in both species because they showed low seed permeability, and imbibition rate; furthermore, exhibited macrosclereids cells. The present research seeks to promote the sustainable use of E. cyclocarpum and P. piscipula.
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1. Introduction


Dormancy is the inability of the seeds to germinate, which can be a problem in the seedling production systems [1]. Seed dormancy is the state or condition where seeds cannot germinate even when they are under favorable environmental conditions for it to occur., including temperature, water, light, gas interchange, seed coats, and other mechanical restrictions [1]. One of the most common types of dormancies in plant species is physical dormancy (PY), in which seeds or fruit coats are water-impermeable and unable to imbibe water, limiting the germination process to be carried out [1]. To break PY, the application of germinative pre-treatments to seeds are necessary [2], e.g., heat or chemical treatments and other kinds of scarifications [2], which contribute to eliminating of the limitations that seeds have so that the germination process to be triggered.



The seeds or fruit coat are water-impermeable due to show one or more layers of palisade cells called macrosclereids [1,2,3,4]. In addition, the seed/fruit acquires water-permeability by opening of a small specialized anatomical structure within of the seed coat described as the water gap [1]. The water gap closes during maturation drying and it will open in response to environmental signals, such as humidity, fire, or high temperature, being the initial via of water entry into the seed [4]. When the water gap opens, then, the PY breaks. In the case of some Fabaceae species, the cushion-like structure is also involved in the process of seed imbibition [5,6]. Germination process is a crucial phase in plant development influenced in part by water [7]. In seeds, generally, water enters through the micropyle, and when root growth, it is the first visual sign of germination [8]. This process comprises three phases: (1) Imbibition: characterized by an intense absorption of water by the seed tissues and an increase in respiratory activity and is crucial for germination to occur [9,10]; (2) Germination: which represents the metabolic transformations necessary to the development of the seedling. In this phase, water absorption is reduced in seed and can sometimes even stop [9]; and (3) Growth: is associated with the emergence of the radicle; in this last phase, water absorption and respiratory activity increase again [8]. Particularly, the imbibition rate can be measured as the proportion of water uptake by the seeds when they are introduced into water and is considered as an indicator of the presence of PY in plant species [11]. Low imbibition rate in seeds is caused by the impermeable seed coats preventing germination. Therefore, knowledge of germination mechanisms plays a determining role in understanding the processes of propagation and regeneration of plant communities; however, very little has been studied on the seed biology in tropical plant species [12].



The Fabaceae family, commonly known as legumes, is one of the most important plant families worldwide [13]. Fabaceae is the third-largest group of flowering plants, with 19,400 species included in 730 genera, accounting for 9.4% of all flowering plant species of planet [14]. Fabaceae is the second most important food group for humans and animals, after the Poaceae [15]. In addition, the uses of these tree species can be diverse, such as food, medicinal, living fences, shade, timber, fuel, and reforestation. In several Fabaceae species have been documented the existence of PY, see [1].



In Mexico, the Fabaceae family has about 155 genera and 1903 species [16]. In the Mesoamerican region that encompasses the Yucatan Peninsula, the Fabaceae predominate in the number of species, surpassing the Poaceae and Asteraceae; this family has about 78 genera and 228 species, 21 of them endemic [17]. Fabaceae species are a representative component of the region’s landscape and are abundant in all vegetation types in the Yucatan Peninsula [18]. Enterolobium cyclocarpum and Piscidia piscipula are two representative Fabaceae species naturally distributed in the Yucatan Peninsula, which play a significant ecological and socio-cultural role.



Studies focused on evaluating the germination capacity of both species are scarce. However, the presence of PY and water-impermeability of the seeds in both E. cyclocarpum [19], and P. piscipula [12] have been suggested; nevertheless, morphological studies that support this assumption in both species are scarce. For E. cyclocarpum, seed pre-germinative treatments with concentrated sulfuric acid (H2SO4) obtained the highest seed germination (≥90%) [19]. However, to apply this methodology on a large scale, for example, in reforestation programs or sustainable use of this species, could have drawbacks due to the high costs and complexities to manipulate H2SO4. Thus, it is necessary to evaluate alternatives to seed germination pretreatments in E. cyclocarpum. In the case of P. piscipula, there have been very few studies on seed germination pretreatments, see González-Valdivia [20]. Therefore, in both species, the existence of PY is not clear, there are no evaluations of the seed imbibition rate, as well as the structures involved in the presence of PY (e.g., cells of macrosclereids, water gap and/or cushion-like structure).



Therefore, following hypotheses were tested in this study: (1) the seeds of E. cyclocarpum and P. piscipula will display PY, and they will increase the seed germination by applying pre-germinative treatments, and (2) the presence of PY in both species is because they show water-impermeability and low imbibition rate due to specialized cells such as macrosclereids, and structures such as water gap or cushion-like structure are involved in the process of seed imbibition in these species. Thus, we evaluated the efficiency of some seed pre-germinative treatments in E. cyclocarpum and P. piscipula; in addition, we examined the seed permeability and imbibition rate in both species, and we characterized the external and internal morphology of the testa in the E. cyclocarpum and P. piscipula seeds to describe the structures involved on the presence of PY in these species.




2. Results


2.1. Seed Viability


There were no significant differences (F (1, 98) = 2.04, p = 0.16) in the seed viability of the species studied. This variable showed high values and was similar for both species, 100% for E. cyclocarpum and 96% ± 0.24% for P. piscipula.




2.2. Imbibed Seeds and Imbibition Rate


We found no significant differences in the fresh weight for either target species over time. Mean values in E. cyclocarpum were 0.88 g ± 0.015 g (F (3, 196) = 0.63, p = 0.6), while P. piscipula showed mean values of 0.019 g ± 0.0003 g (F (3, 196) = 0.63, p = 0.6). P. piscipula and E. cyclocarpum showed relatively constant values in fresh weight during the experimentation time (72 h). Both species had values of imbibed seeds ≤4%. In the case of imbibition rate, there were also no significant differences in this variable between species (F (2, 196) = 0.99, p = 0.32) and species-time interaction (F (2, 196) = 1.10, p = 0.33). The imbibition rate in E. cyclocarpum was 1.49% ± 1.15%, while P. piscipula was 3.36% ± 1.55%.




2.3. Seed Germination


Regardless of the pre-germinative treatments, E. cyclocarpum and P. piscipula had final germination of 56.4% ± 4.2% and 43.2% ± 4.64%, respectively. This variable was statistically significant between species (F (1, 98) = 4.45, p = 0.37). Considering the pre-germinative treatments, we also found significant differences between the species (F (4, 90) = 13.79, p = 0.0003), treatment (F (4, 90) = 35.14, p < 0.0001) and the interaction between both factors (F (4, 90) = 18.24, p < 0.0001). The highest germination in E. cyclocarpum was 92% ± 4.16% in the mechanical scarification treatment, while the lowest germination was 9.0% ± 2.77% in the control. In P. piscipula, the highest germination was 76.0% ± 7.92% in the 10 s boiling water treatment, while the lowest was 11.0% ± 7.95% in the 5 s boiling water treatment (Figure 1).



In terms of daily germination, there were no significant differences between species (F (112, 2520) = 0.7, p = 0.40); however, we found significant effects in treatment (F (112, 2520) = 29.3, p < 0.0001), species-treatment interaction (F (112, 2520) = 13.97, p < 0.0001), time (F (112, 2520) = 252.41, p < 0.0001), the interaction between species and time (F (112, 2520) = 17.01, p < 0.0001), the interaction between treatment and time (F (112, 2520) = 12.82, p < 0.0001) and the interaction between species, time and treatment (F (112, 2520) = 9.17, p < 0.0001). For E. cyclocarpum, the highest and faster germination was documented in the treatments of boiling water for 5 s, 10 s, and 15 s, as well as mechanical scarification (35% ± 3%, 35% ± 3%, 36% ± 3%, and 37% ± 4% respectively) from the first eight days until the end of the experiment (Figure 2a).



The highest germination (92% ± 4%) was achieved in the mechanical scarification treatment from the 27th day of the experiment. In P. piscipula, the highest and faster germination percentages was documented in the boiling water treatments for 10 s and 15 s (41% ± 5%, 42% ± 6%, respectively) from the first four days until the end of the experiment (Figure 2b). The highest germination percentage (76.0% ± 7.92%) was reached in the boiling water treatment for 10 s from the 17th day of the experiment.




2.4. Morphological Characterization of the Seed Coat


2.4.1. Piscidia piscipula


Figure 3A shows the external section of the P. piscipula seed where the hilar region and raphe are observed. We found the following structures within the hilar region (internal section): (1) the micropyle, which was observed as a depression located above the hilum, and (2) the hilum, which was found in the apical portion showing a circular shape and covered by remnants of funicular parenchyma with a closed central canal (Figure 3B). The seed coat of P. piscipula is composed of the epidermis, hypodermis, and inner parenchyma. The epidermis is composed of a layer of palisade macrosclereids or Malpighian cells. The hypodermis is composed of osteosclereids, or clock cells separated by intercellular spaces (we did not observe these cells in the hilar region). The Inner parenchyma is composed of several layers of collapsed parenchyma, possibly remnants of the endosperm (Figure 3C). In the P. piscipula hilar region, we also found the presence of a cushion-like structure, a tracheid bar composed of tracheids, as well as a counter-palisade layer (Figure 3D–F).




2.4.2. Enterolobium cyclocarpum


In the external section of the E. cyclocarpum seed, the hilar region and lens are observed (Figure 4A). We found the following structures within the hilar region: (1) the micropyle: which was observed as a depression located to one side of the hilum showing parenchyma around, and (2) the hilum: found in the apical portion with asymmetrical shape covered with remnants of funicular parenchyma (Figure 4B). Inside the hilar region, it was observed to be composed mainly of spongy parenchyma under the hilum followed by palisade parenchyma (Figure 4C), The seed coat of E. cyclocarpum is composed of cuticles followed by macrosclereids, spongy parenchyma and palisade parenchyma (Figure 4D).






3. Discussion


We hypothesize that (1) the seeds of E. cyclocarpum and P. piscipula will display PY and they will increase the seed germination by applying pre-germinative treatments, and (2) the presence of PY in both species is because they show water-impermeability and low imbibition rate due to the presence of specialized cells known as macrosclereids, and structures such as water gap or cushion-like structure are involved in the process of seed imbibition. in this study, E. cyclocarpum and P. piscipula seeds showed high water impermeability and low seed inhibition and they showed almost all the morphological structures described above; however, the presence of PY was corroborated in both target species. In addition, we found high seed viability values in these species and consequently, the E. cyclocarpum and P. piscipula seeds became permeable and showed a high seed germination after the application of pre-germination treatments.



Water-impermeability in E. cyclocarpum and P. piscipula, showed low values (1.49% ± 1.15% and 3.36% ± 1.55%, respectively). and the percentage of imbibed seeds was also low (≤4%). In species of the genus Vachellia belonging to Fabaceae, Burrows [21] reported differential responses in the percentage of imbibed seeds for 48 Australian species. In terms of imbibition rate (fresh weight gain through time), Galíndez [22] documented similar low imbibition in two populations of Amburana cearensis (4.6% ± 3.13% and 6.6% ± 2.81% respectively), but high imbibition values in Myroxylon peruiferum (81.4% ± 4.01% and 95.2% ± 3% respectively). It has been suggested that the impermeability and low imbibition of seeds are indicators of the presence of PY in plant species such as Fabaceae [4,11]. Our findings about of the impermeability and low imbibition of seeds in study species support this premise.



In several species of Fabaceae have been documented the existence of PY, see [3]. Thus, the germinative responses to the application of several kinds of pre-germinative treatments e.g., [23,24,25,26,27,28,29,30] have been widely evaluated in these species. In this context, Robles-Díaz [2] documented a high germination percentage in Lupinus rotundiflorus (69.8% ± 2.7%) using thermal shocks with boiling water for 10 s. We found similar results because P. piscipula had the highest germination (76.0% ± 7.95%) in thermal shocks with boiling water for 10 s. In addition, Galíndez [22] reported that mechanical scarification in A. cearensis is an efficient method to increase germination percentage and germination time. These findings also agree with our results because E. cyclocarpum showed the highest germination percentage (92% ± 4%) in the mechanical scarification treatment.



In both E. cyclocarpum and P. piscipula, research in terms of seed germination is still scarce. However, Viveros-Viveros [19] indicated that E. cyclocarpum showed a germination of 83% by prior immersion the seeds in 98% sulfuric acid (H2SO4) for 30 min. Similarly, Ezenwa [31] and Hernández [32] documented a high germination (93% and 92%, respectively) in H2SO4-treated (30 min and 35 min of immersion) seeds. As described above, the highest germination of the E. cyclocarpum seeds documented here was in the mechanical scarification treatment (92% ± 4%), which was similar to these studies.



Enterolobium cyclocarpum is a species widely used as shade and feed for cattle [33], and reforestation programs [34]. Furthermore, chemical entities such as terpene, waxes, resinic acids, stilbenoids, fatty acids, pectins, phenolic complexes, proteins, lignan saponins, essential oils, flavonoids, glycosides, gums (fatty acids, alkaloids, phenylpropanoids, terpenes) obtained from leaves, fruits, and logs of this species are used in the textile, pharmacological, cosmetic, and culinary industries [35,36,37]. Therefore, practical, and effective methods are needed to increase germination percentage and seedling production in E. cyclocarpum. In this sense, the application of H2SO4 promotes high germination percentage [19,31,32]; however, the large-scale application of this methodology may be limited, especially in the rural zones, because substantial amounts of acid are required, it could contaminate the environment, and it is expensive. Our work proposes the use of mechanical scarification as an effective method that meets the requirements described above for reaching a adequate germination.



Similarly, P. piscipula is a species widely used and it has diverse biotechnological approaches. Ethnomedical data showed that leaves of P. piscipula are used for cough, gastrointestinal, respiratory disorders [38], and aquaculture [39]. Pharmacological studies showed that P. piscipula induces antimycotic effects [40]. Non-polar and polar extracts from leaves exert antimicrobial activities against Giardia duodenalis and Helicobacter pylori [38]. In germinability of P. piscipula, González-Valdivia [20] obtained a germination of 55% through an immersion treatment in water at 100 °C for 3 min. Our results were similar because P. piscipula seeds had higher germination (76% ± 5% and 68% ± 5%) in thermal shocks with boiling water for 10 s and 15 s, respectively. These findings confirmed that heat shock treatments promote high germination percentage in P. piscipula.



It has been suggested that the P. piscipula [12] and E. cyclocarpum [19] seeds show PY; nevertheless, morphological studies that support this assumption in both species are limited. In E. cyclocarpum, Hernández-Epigmenio [41] corroborated the presence of PY in this species because it showed inside seeds macrosclereids and osteosclereids cells, as well as spongy parenchyma and palisade parenchyma. Robles-Díaz [2] also found these structures in Mexican Lupinus species. In our study, both P. piscipula and E. cyclocarpum showed similar morphological structures; however, the presence of a cushion-like structure and tracheid bar were only corroborated in P. piscipula. Cushion-like structure has been suggested to be found at Faboideae, a subfamily within Fabaceae, which groups P. piscipula [42]. E. cyclocarpum is found into Mimosoideae subfamily. It is possible that this is the explanation why cushion-like structure was not found in this species.



In this context, Robles-Díaz [2,6] and Perissé and Planchuelo [5] documented the presence of cushion-like structure and tracheid bars as direct evidence of the existence of PY in Mexican and Argentine Lupinus species respectively. Although we found almost all these morphological structures described above, our results about morphological characterization also confirm the assumption of the existence of PY in E. cyclocarpum and P. piscipula [12,19]. In Fabaceae species, differential water gap regions can be distinguished [3]. In this study, an external and internal characterization was carried out; nevertheless, the water gap in both target species is not clear.



It has been documented that the seed coat functions as regulator in imbibition phase [43] and a high and fast germination are inversely correlated with high seed coat hardness [44]. Therefore, when the seed coat is scarified, it can potentially decrease mechanical resistance to germination [45]. Thus, the thermal shocks with boiling water for 10 s (P. piscipula) and mechanic scarification (E. cyclocarpum) treatments influenced the breaking of PY, increasing the water uptake, and consequently high germination in both species.



The effect of temperature on the natural decomposition of impermeable seed coats may be through the heating effect of solar radiation on the surface layers of the dry and/or moist soils, together with night cooling, resulting in a combination of exposure to temperature fluctuations, thus favoring germination to take place [2]. In the case of P. piscipula, the higher germinative efficiency promoted for heat shocks by 10 s possibly favored the formation of cracks on the seeds allowing a more effective separation of the macrosclereids cells as well as of parenchymal tissue. It is possible that mechanical scarification had high efficiency in terms of germination in E. cyclocarpum because seeds of this species displayed a high proportion of spongy parenchyma and palisade parenchyma than P. piscipula, and this treatment facilitated their removal to overcome this barrier.



Our research provides new evidence about morphophysiological features of the P. piscipula and E. cyclocarpum seeds and suggests the use of effective and practical methods to potentiate the propagation of these species. In future works, it is important to characterize the initial site of water entry in the P. piscipula and E. cyclocarpum seeds; in addition, the possible external changes of seed coat after application of pre-germinative treatments and the effect of some microorganisms such as fungi species, which also could help to break the PY in these species. An aspect that has been almost neglected is the dynamics of the soil seed bank in both species, see [46,47]. Thus, studies of soil seed bank dynamics in E. cyclocarpum and P. piscipula are also crucial in future research.




4. Materials and Methods


4.1. Study Species


Enterolobium cyclocarpum (Jacq.) Griseb (1860), in Yucatan Peninsula is commonly known as Pich, is a tree that reaches 20 to 30 m tall, with a straight trunk and sometimes with small aerial roots at its base. Hemispherical cup, sometimes wider than tall; smooth to grainy bark. Leaves are composed of small leaflets, green flowers. Its fruits are flattened and coiled, woody pods with a shiny dark brown color, sweet smell and taste, and numerous seeds [48]. Its seeds are oval, flattened, large (1.5 to 2 cm long and 1 cm wide), brown, and with a very hard testa [19]. E. cyclocarpum is found in deciduous forests from southwestern Mexico to northern South America (Venezuela and Brazil) [19]. On the Gulf of Mexico, E. cyclocarpum is found from southern Tamaulipas to the Yucatan Peninsula and in the Pacific Ocean from Sinaloa to Chiapas. This species is generally found in disturbed areas in high-evergreen and medium sub-evergreen forests [48]. It is a representative floristic component of the semi-deciduous forest [49]. E. cyclocarpum is used as food or as shade for cattle [34], and it is used in reforestation programs in the Yucatan Peninsula [34]. Its flowering season goes from February to June, followed by a fruiting season between April and July [50].



Piscidia piscipula (L.) Sarg. (1891), in Mexico is commonly known as Jabín [33], is a tree tall (≥20 m), has a dense crown, fissured bark, ovate compound imparipinnate leaves, flowers in slightly scented panicles with pink petals, pod-shaped fruits with brown wings and yellowish-brown seeds (5 mm long, and 3 mm width) [51]. P. piscipula is found from Tamaulipas to the Yucatan Peninsula, Mexico, the United States (South Florida), and Honduras [52]. In the Yucatan Peninsula, P. piscipula is especially abundant in the secondary vegetation of medium sub-evergreen forests and medium sub-deciduous forests [48]. Beekeepers value this tree species because it remains in bloom for four months. The region’s inhabitants use their leaves to make medicines and as a flavoring herb for a famous dish from the Yucatan Peninsula known as “Cochinita pibil”. Its wood is of excellent quality for construction and combustion [53]. In some parts of the Yucatan Peninsula is known as the mother of the candle. Its flowering season goes from January to April, followed by a fruiting season between February and June [52].



Within the Yucatan Peninsula, the Campeche state is considered a tropical zone [49], with forest, savannah, coast, and sea, with the forest predominating, which covers 80% of the territory [54]. The tropical forest vegetation is high-evergreen and semi-evergreen forests, medium deciduous and semi-evergreen forests, and low deciduous and semi-evergreen forests [54]. According to Flores and Espejel [49], in San Francisco de Campeche, the capital city of the Campeche state, the dominant vegetation is the semi-deciduous forest, especially in the north, center, and a little to the south. The Fabaceae and Rubiaceae species are representative of the floristic composition in this city [55]. This plant community in areas surrounding of the San Francisco de Campeche is dominated, in addition to other species such as P. piscipula and E. cyclocarpum trees [49]. The annual average temperature is 26 °C, with maximum levels before the summer solstice at an average of 28 °C, reaching a historical maximum temperature of 52 °C. The rainy season is between June to October (mean precipitation of 1634.5 mm [56] and the dry season (absence of rain) is from January to mid-May [57]. The highest relative humidity is during September (78.6%), and the lowest is in April (55.6%) [58].




4.2. Seed Collection


We collected seeds of at least ten mother plants of both E. cyclocarpum and P. piscipula from the surroundings of the city of San Francisco de Campeche (Altitude: 1 m., Latitude: 19°51′00″ N, Longitude: 90°31′59″ W), municipality of Campeche, Mexico, from April to June of 2021. The harvested seeds of both species were stored under standard conditions in plastic and airtight bags (one bag per each mother plant of each species) and kept at room temperature (25 °C ± 2 °C and 60–80% relative humidity) in normal day/night conditions [59,60] until experimentation in September 2021.




4.3. Seed Disinfection


Before the start of the experiment, all harvested seeds of E. cyclocarpum and P. piscipula were placed in a 20% commercial chlorine solution and shaken on a hot plate with a stirrer by two minutes. They were then placed in 70% ethyl alcohol and stirred on a hot plate with a stirrer. Finally, they were given three washes with distilled water [2].




4.4. Viability Test


We used the tetrazolium (2,3,5-tryphenil tetrazolium chloride, TTC) test to evaluate seed viability. TTC-test is a rapid method, commonly used to assess the seed viability [61]. TTC-test is normally determined by a topographical method (visual observation) in order to characterize the pattern and intensity of staining and coloration in individual seed embryos [62,63]. Thus, TTC-test has been suggested as reliable as germination tests in several plant species, see [63], and a positive correlation between viability and germination of seeds is expected [64].



We placed 50 seeds of each species in five groups of ten. To facilitate the entry of the solution into the seed, we made an incision with a scalpel parallel to the micropyle axis. We placed seeds from each group in a beaker and soaked them with 20 mL of distilled water for 24 h before being placed in the tetrazolium solution. Subsequently, we removed distilled water from each baker and added 20 mL tetrazolium solutions at 1%. Each baker was covered and wrapped with aluminum foil to maintain the seeds in darkness at 25 °C for 48 h. Subsequently, we observed under a stereomicroscope. We considered viable seeds when showing their cotyledons and embryos red-stained without apparent damage [65]. Viability was estimated for each species and presented as a percentage (%) [59,60].




4.5. Imbibition Rate


To evaluate the water permeability into seeds of E. cyclocarpum and P. piscipula, we assessed the seed imbibition in terms of fresh weight gain through time in both species [11]. We used 50 random seeds of each species (without scarification) and grouped them into five replicates of ten seeds. We placed them in plastic containers (one seed per container) with distilled water. Because the size of the seeds from the two studied species is different, we used different kinds of containers for each species. For E. cyclocarpum, we use hermetic plastic bottles (20 mL), and for P. piscipula, we use Eppendorf tubes (2 mL). We recorded the initial fresh weight value of each seed for each species before being placed in containers. We kept the E. cyclocarpum and P. piscipula seeds at 25 °C and registered the fresh weight values every 24 h for each replicate and species during three uninterrupted days (72 h). We considered imbibed seeds when they showed an increase in fresh weight by at least 100% [60]. With these data, we obtained the number of imbibed seeds (%), as well as the imbibition rate (%) for each species.




4.6. Effect of Pre-Germinative Treatments in Fresh Seeds


We evaluated the effect of different pre-germination treatments in fresh seeds of E. cyclocarpum and P. piscipula to break PY. We applied a mechanical scarification treatment. For this, we cut with a scalpel in the region opposite the micropyle of the seeds [22]. We also applied thermal scarifications by dipping seeds in boiling water for 5 s, 10 s, and 15 s. Here, seeds were placed inside a stainless-steel tea infuser of 50 mm of diameter and posteriorly dipping into a beaker containing 150 mL of distilled water [2]. We also used intact seeds (not scarification) as a control treatment. We used a completely random design, with ten replicates of 10 seeds for each treatment and species. We placed seeds in Petri dishes with 17.5 mL of distilled water using a sterile cotton layer as a substrate and sealed them with parafilm (Parafilm M, Pechiney Plastic Packaging, Chicago, IL, USA). We kept the Petri dishes in a temperature room at 25 °C and 60–80% relative humidity, with a photoperiod of 12 h [59]. We recorded the number of germinated seeds daily for 30 days, and with these data, we determined the daily germination and final germination percentages in each treatment and species.




4.7. Morphological Characterization of the Seed Coat


For both E. cyclocarpum and P. piscipula, a sample of six seeds were used. We used three complete seeds of both species to characterize the external section. Additionality, other three seeds were longitudinal sectioned with a scalpel to characterize the internal section. Both complete and sectioned seeds were mounted on carbon double-sided adhesive tape on metal pins. We analyzed the external and internal structures of the seed coat [2] with a scanning electron observed (Scanning Electron Microscope FlexSEM 1000 Hitachi) at 20 kilovolts (kV), and an angle of inclination of 0°. There was no need for gold coating for any of the samples before the SEM analysis.




4.8. Statistical Analysis


Seed viability values were analyzed using a one-way ANOVA considering the species as a predictive factor. Percentage of imbibed seeds (fresh weight) were also analyzed using a one-way ANOVA considering time as a predictive factor. In this analysis, we do not consider the species as a predictive factor due to the intrinsic morphological differences in fresh weight between P. piscipula and E. cyclocarpum described above. To analyze imbibition rate in both species we applied a repeated measures of ANOVA considering species and time as predictor factors. In the case of daily germination in P. piscipula and E. cyclocarpum, we also applied a repeated measure of ANOVA, taking into account species, treatments, and time as predictor factors. We also analyzed the values of the final germination considering as predictive factors the species and the pre-germination treatments using a factorial ANOVA. We analyzed the data on the structure of seed coats descriptively [2]. The normality of all the quantitative data and the homoscedasticity of the residuals in all the quantitative variables were corroborated. We analyzed all quantitative analyses with IBM SAS Statistics (version 9.4, for windows).





5. Conclusions


The E. cyclocarpum and P. piscipula seeds show a high water-impermeability and both a low proportion of imbibed seeds and imbibition rate, limiting the germination process from naturally occurring. The results of the morphological characterization of the seed coat in both species corroborated the presence of PY because they showed morphological structures such as macrosclereids cells, spongy parenchyma, and palisade parenchyma, which are considered direct evidence of the existence of PY in Fabaceae species. Finally, the seeds from both species became permeable and displayed high germination by application of pre-germinative treatments. E. cyclocarpum had the highest germination percentage in the mechanical scarification, while P. piscipula showed the highest germination percentage in thermal shocks with boiling water for 10 s. The present research seeks to promote the sustainable use of E. cyclocarpum and P. piscipula and contribute to the creation of effective conservation strategies and enhance their biotechnological applications.







Author Contributions


Conceptualization, T.M.A.-G., E.R.-D. and J.L.A.-G.; methodology, T.M.A.-G., E.R.-D., M.D.M.-O. and J.L.A.-G.; software, Á.R.M.-C., J.E.R.-A. and J.L.A.-G.; validation, J.E.R.-A., M.P.-S., R.R., F.J.A.-C., E.J.G.-A. and J.L.A.-G.; formal analysis, Á.R.M.-C., J.E.R.-A. and J.L.A.-G.; investigation, T.M.A.-G., E.R.-D., A.A.C.-E. and M.D.M.-O.; resources, J.L.A.-G., E.J.G.-A., J.R.-T. and R.R. data curation, Á.R.M.-C., J.E.R.-A., J.L.A.-G. and T.M.A.-G.; writing—original draft preparation, T.M.A.-G., E.R.-D. and J.L.A.-G.; writing—review and editing, T.M.A.-G., E.R.-D., J.L.A.-G., M.D.M.-O., Á.R.M.-C., F.J.A.-C., J.E.R.-A., M.P.-S., R.R., J.R.-T., B.H.S.-S., E.J.G.-A. and P.Z.-C. visualization, J.L.A.-G., E.J.G.-A. and J.E.R.-A.; supervision, J.L.A.-G. and E.R.-D.; project administration, J.L.A.-G.; funding acquisition, J.L.A.-G. and E.J.G.-A. All authors have read and agreed to the published version of the manuscript.




Funding


This research received external funding by the Secretaría de Educación Pública (Ministry of Public Education) Programa de Mejoramiento del Profesorado (Program for the Improvement of Higher Education Teachers), project No. 511-6/18-8491.




Data Availability Statement


Not applicable.




Acknowledgments


We thank Karla G. Medina Doporto for its technical support to harvest seeds in the field. We also thank Laboratorio de Análisis Instrumental, of the Laboratorio Nacional de Ciencias para la Investigación y la Conservación del Patrimonio Cultural (LN271614) for its technical support to morphological study of seeds.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Baskin, C.C.; Baskin, J.M. Seeds: Ecology, Biogeography, and Evolution of Dormancy and Germination; Academic Press: Cambridge, CA, USA, 2014; ISBN 9780124166776. [Google Scholar]

	



Robles, E.; Jurado, E.; Ruiz, M.; Yáñez, L.; Flores, J. Heat shock effect in breaking physical dormancy in seeds of Lupinus elegans and L. rotundiflorus from Jalisco, México. Bot. Sci. 2014, 92, 123–129. [Google Scholar]

	



Gama, N.; Baskin, J.; Geneve, R.; Baskin, C. Identification and characterization of ten new water gaps in seeds and fruits with physical dormancy and classification of water-gap complexes. Ann. Bot. 2013, 112, 69–84. [Google Scholar] [CrossRef] [PubMed]

	



Baskin, J.M.; Baskin, C.C.; Li, X. Taxonomy, ecology, and evolution of physical dormancy in seeds. Plant Species Biol. 2000, 15, 139–152. [Google Scholar] [CrossRef]

	



Perissé, P.; Planchuelo, A. Seed coat morphology of Lupinus albus L. and Lupinus angustifolius L: In relation to water uptake. Seed Sci. Technol. 2004, 32, 69–77. [Google Scholar] [CrossRef]

	



Robles, E.; Flores, J.; Yáñez, L. Paths of water entry and structures involved in the breaking of seed dormancy of Lupinus. J. Plant Physiol. 2016, 192, 75–80. [Google Scholar] [CrossRef]

	



Baskin, C.C.; Baskin, J.M. A geographical perspective on germination ecology: Tropical and subtropical zones. VII. Hot semi deserts and deserts. In Seeds: Ecology, Biogeography and Evolution of Dormancy and Germination; Baskin, C., Baskin, J.M., Eds.; Academic Press: Cambridge, CA, USA, 2001; pp. 293–329. [Google Scholar]

	



Koornneef, M.; Bentsink, L.; Hilhorst, H. Seed dormancy and germination. Current Opinion. Plant Biol. 2002, 5, 33–36. [Google Scholar]

	



Mejías, M.; Molist, P.; Pombal, M. Órganos Vegetales: Semillas. Atlas de Histología Vegetal y Animal. Departamento de Biología Funcional y Ciencias de la Salud, Facultad de Biología, Universidad de Vigo: Vigo, Spain, 2018; p. 9. [Google Scholar]

	



Moreno, F.G.; Plaza, P.; Magnitskiy, S. Efecto de la testa sobre la germinación de semillas de caucho (Hevea brasiliensis Muell.). Agron. Colomb. 2006, 24, 290–295. [Google Scholar]

	



Omar, R.; Albornoz, P.L. Morpho-anatomy, imbibition, viability, and germination of the seed of Anadenanthera colubrina var. cebil (Fabaceae). Rev. Biol. Trop. 2013, 61, 1109–1118. [Google Scholar]

	



Sánchez, J.; Pernús, M.; Torres-Arias, Y.; Barrios, D.; Dupuig, Y. Dormancia y germinación en semillas de árboles y arbustos de Cuba: Implicaciones para la restauración ecológica. Act. Bot. Cub. 2019, 218, 77–108. [Google Scholar]

	



Langer, R.; Hill, G. Fabaceae. In Agricultural Plants; Cambridge University Press: Cambridge, UK; Lincoln University: Canterbury, New Zealand, 1991; pp. 217–282. ISBN 9781139170284. [Google Scholar]

	



Judd, W.S.; Campbell, C.S.; Kellogg, E.A.; Stevens, P.F.; Donoghue, M.J. Plant Systematics: A Phylogenetic Approach, 4th ed.; Sinauer Associates: Sunderland, MA, USA, 2016; ISBN 978-1-60535-389-0. [Google Scholar]

	



Ahmad, F.; Anwar, F.; Hira, S. Review on medicinal importance of Fabaceae family. Pahrmacology OnLine 2016, 3, 151–156. [Google Scholar]

	



Villaseñor, J.L. Checklist of the native vascular plants of Mexico. Rev. Mex. Biodivers. 2016, 87, 559–902. [Google Scholar] [CrossRef]

	



Fernández, G.C.; Tapia, J.L.; Duno de Stefano, R.; Ramírez, I.M. Flora Ilustrada de la Península de Yucatán: Listado Florístico; Centro de Investigación Científica de Yucatán: Mérida, México, 2010; ISBN 9686077823070. [Google Scholar]

	



Fernández, G.C.; Tapia, J.L.; Duno de Stefano, R.; Ramírez, I.M.; Can, L.; Hernández, S.; Castillo, A. La Flora de la Península de Yucatán Mexicana: 250 años de conocimiento florístico. CONABIO. Biodiversitas 2012, 101, 6–10. [Google Scholar]

	



Viveros, H.; Hernández, J.D.; Velasco, M.V.; Robles, R.; Ruiz, C.; Aparicio, A.; Martínez, M.J.; Hernández, J.; Hernández, M.L. Análisis de semilla, tratamientos pregerminativos de Enterolobium cyclocarpum (Jacq.) Griseb. y su crecimiento inicial. Rev. Mex. Cienc. For. 2015, 6, 52–65. [Google Scholar]

	



González-Valdivia, N.A.; Dzib, B.B.; Carballo, J.I. Emergencia y crecimiento de plántulas de Piscidia piscipula (L.) Sarg. en condiciones de vivero. Acta Univ. 2020, 30, 1–9. [Google Scholar]

	



Burrows, G.E.; Alden, R.; Robinson, W.A. Markedly different patterns of imbibition in seeds of 48 Acacia species. Seed Sci. Res. 2019, 29, 270–282. [Google Scholar] [CrossRef]

	



Galíndez, G.; Malagrina, G.; Ceccato, D.; Ledesma, T.; Lindow, L.; Ortega, P. Dormición física y conservación ex situ de semillas de Amburana cearensis y Myroxylon peruiferum (Fabaceae). Bol. Soc. Argent. Bot. 2015, 50, 153–161. [Google Scholar] [CrossRef]

	



Baskin, C.C.; Wurts, J.; Liu, Z.; Baskin, J.M. A method for breaking physical dormancy in seeds of the endemic Tibetan Plateau shrub Sophora moorcroftiana var. moorcroftiana (Fabaceae) and implications for restoration. Nat. Areas J. 2007, 27, 118–123. [Google Scholar] [CrossRef]

	



Rodríguez, A.G.; Faria, J.M.; Vaz, T.A.; Nakamura, A.T.; José, A.C. Physical dormancy in Senna multijuga (Fabaceae: Caesalpinioideae) seeds: The role of seed structures in water uptake. Seed Sci. Res. 2014, 24, 147–157. [Google Scholar] [CrossRef]

	



Duarte, M.M.; Paula, S.R.P.D.; Ferreira, F.R.D.L.; Nogueira, A.C. Morphological characterization of fruit, seed and seedling and germination of Hymenaea courbaril L. (Fabaceae) (‘Jatobá’). J. Seed Sci. 2016, 38, 204–211. [Google Scholar] [CrossRef]

	



Jaganathan, G.K.; Wu, G.R.; Han, Y.Y.; Liu, B.L. Role of the lens in controlling physical dormancy break and germination of Delonix regia (Fabaceae: Caesalpinioideae). Plant Biol. 2017, 19, 53–60. [Google Scholar] [CrossRef]

	



Ferreras, A.E.; Marcora, P.I.; Venier, M.P.; Funes, G. Different strategies for breaking physical seed dormancy in field conditions in two fruit morphs of Vachellia caven (Fabaceae). Seed Sci. Res. 2018, 28, 8–15. [Google Scholar] [CrossRef]

	



Carruggio, F.; Onofri, A.; Impelluso, C.; Giusso del Galdo, G.; Scopece, G.; Cristaudo, A. Seed dormancy breaking and germination in Bituminaria basaltica and B. bituminosa (Fabaceae). Plants 2020, 9, 1110. [Google Scholar] [CrossRef] [PubMed]

	



Soltani, E.; Baskin, J.M.; Baskin, C.C.; Benakashani, F. A meta-analysis of the effects of treatments used to break dormancy in seeds of the megagenus Astragalus (Fabaceae). Seed Sci. Res. 2020, 30, 224–233. [Google Scholar] [CrossRef]

	



Tang, L.; Baskin, C.; Baskin, J.; Luo, K.; Yu, X.; Huang, W.; Chen, Y. Methods of breaking physical dormancy in seeds of the invasive weed Mimosa pudica (Fabaceae) and a comparison with 36 other species in the genus. PeerJ 2022, 10, e13567. [Google Scholar] [CrossRef]

	



Ezenwa, I. Preliminary evaluation of the suitability of Enterolobium cyclocarpum for use in intensive feed gardens in southwestern Nigeria. Agrofor. Syst. 1988, 44, 13–19. [Google Scholar] [CrossRef]

	



Hernández, G.; Sánchez, L.R.; Aragón, F. Tratamientos pregerminativos en cuatro especies arbóreas de uso forrajero de la selva baja caducifolia de la sierra de Manantlán. For. Veracruzana 2001, 3, 9–15. [Google Scholar]

	



Patiño, V.F.; Villagómez, A.Y. Los Análisis de Semillas y su Utilización en la Propagación de Especies Forestales. Boletín 40; Instituto Nacional de Investigaciones Forestales: Distrito Federal, México, 1976; p. 26. [Google Scholar]

	



Vázquez, C.; Yvanosky, J. Leguminosas (Fabaceae): Características, Hábitat, Cultivo, Usos. Available online: https://www.lifeder.com/leguminosas-fabaceae/ (accessed on 30 May 2020). Tallinn Estonia.

	



Ávila, L.E.; Herrera, M.A. Effect of extractives on three physical properties in Enterolobium cyclocarpum from Michoacan, Mexico. Bosque 2012, 33, 227–232. [Google Scholar]

	



Hillis, W.E. Chemical features. In Heartwood and Tree Exudates; Springer: Berlin, Germany, 1987; pp. 76–119. ISBN 978-3-642-72536-4. [Google Scholar]

	



Fengel, D.; Wegener, G. Wood: Chemistry, Ultrastructure, Reactions; Walter de Gruyter: Berlin, Germany, 2011; pp. 81–82. [Google Scholar]

	



Ankli, A.; Heinrich, M.; Bork, P.; Wolfram, L.; Bauerfeind, P.; Brun, R.; Sticher, O. Yucatec Mayan medicinal plants: Evaluation based on indigenous uses. J. Ethnopharmacol. 2002, 79, 43–52. [Google Scholar] [CrossRef]

	



Acevedo, P. The occurrence of piscicides and stupefactants in the plant kingdom. New Directions in the Study of Plants and People: Research Contributions from the Institute of Economic Botany. Adv. Econ. Bot. 1990, 8, 1–23. [Google Scholar]

	



Cáceres, A.; López, B.R.; Giron, M.A.; Logemann, H. Plants used in Guatemala for the treatment of dermatophytic infections. Screening for antimycotic activity of 44 plant extracts. J. Ethnopharmacol. 1991, 31, 263–276. [Google Scholar] [CrossRef]

	



Hernández-Epigmenio, S.; Rodríguez, D.A.; Granados, D.; Cadena, J.A. Latencia física, morfoanatomía y análisis proximal de la semilla de Enterolobium cyclocarpum (Jacq.) Griseb. Entreciencias 2021, 9, 1–15. [Google Scholar] [CrossRef]

	



Lersten, N.R. Tracheid bar and vestured pits in legume seeds (Leguminosae: Papilionoideae). Am. J. Bot. 1982, 69, 98–107. [Google Scholar] [CrossRef]

	



Souza, F.H.; Marcos, J. The seed coat as a modulator of seed-environment relationships in Fabaceae. Braz. J. Biol. 2001, 24, 365–375. [Google Scholar] [CrossRef]

	



Maiti, R.K.; Hernández, J.L.; Valdez, M. Seed ultrastructure and germination of some species of Cactaceae. Phyton 1994, 55, 97–105. [Google Scholar]

	



Morpeth, D.R.; Hall, A.M. Microbial enhancement of seed germination in Rosa corymbifera ‘Laxa’. Seed Sci. Res. 2000, 10, 489–494. [Google Scholar] [CrossRef]

	



Janzen, D.H. Enterolobium cyclocarpum seed passage rate and survival in horses, Costa Rican Pleistocene seed dispersal agents. Ecology 1981, 62, 593–601. [Google Scholar] [CrossRef]

	



Álvarez, C.; Barradas, L.; Ponce, O.; Williams, G. Soil seed bank, seed removal, and germination in a seasonally dry tropical forest in Veracruz, Mexico. Bot. Sci. 2014, 92, 111–121. [Google Scholar] [CrossRef]

	



Pennington, T.D.; Sarukhán, J. Árboles Tropicales de México. Manual Para la Identificación de las Principales Especies; UNAM-Fondo de Cultura Económica: Ciudad de México, México, 2005; p. 523. ISSN 9789703216437. [Google Scholar]

	



Flores, J.S.; Espejel, I. Tipos de Vegetación de la Península de Yucatán; Etnoflora Yucatanense, Fascículo 3; Universidad Autónoma de Yucatán: Mérida, México, 1994; p. 135. [Google Scholar]

	



Aguilera, R.M. Enterolobium cyclocarpum (Jacq.) Griseb. CONAFOR: 2011. Available online: http://www.conafor.gob.mx:8080/documentos/docs/13/920Enterolobium%20cyclocarpum.pdf (accessed on 19 February 2022). Ciudad de México, México.

	



SDS. Jabín. Secretaría de Desarrollo Sustentable; Gobierno de Yucatán: Mérida, México, 2019; Available online: https://www.yucatan.gob.mx/?p=jabin (accessed 22 June 2020).

	



Centro de Investigación Científica de Yucatán CICY. Flora de la Península de Yucatán. Piscidia; Centro de Investigación Científica de Yucatán CICY: Mérida, México, 2010; Available online: https://www.cicy.mx/sitios/flora%20digital/ficha_virtual.php?especie=1653 (accessed on 22 June 2020).

	



Kanan-Kab. El Jabín: Piscidia piscipula; Kanan Kab AC: Mérida, México, 2017; Available online: https://kanankab.wordpress.com/2017/04/09/el-jabin-piscidia-piscipula/ (accessed on 27 June 2020).

	



INEGI. Cuentame…información por identidad. Campeche. Flora y Fauna. INEGI n.d. Available online: https://cuentame.inegi.org.mx/monografias/informacion/camp/default.aspx?tema=me&e=04 (accessed on 27 June 2022).

	



Zamora, P.; Barrientos, R.C.; Plasencia, A.H.; Villegas, P.; Domínguez, M.R.; Gutiérrez, C.; Aguirre, F.J.; Vargas, J.A.; Uc, S.; Poot, I.G. Estructura y composición florística de la selva mediana subcaducifolia en Hobomó, Campeche, Campeche, México. Madera y Bosques 2020, 26, e2611899. [Google Scholar]

	



EcuRed. San Francisco de Campeche, México. Ecured n.d. Available online: https://www.ecured.cu/San_Francisco_de_Campeche_(México) (accessed on 29 August 2022).

	



Comisión Nacional del Agua (CONAGUA). Base de Datos Mensuales Climatológicos Correspondientes a la Estación de Campeche; Dirección Local Campeche, Residencia Técnica: Campeche, México, 2010. [Google Scholar]

	



Climate-Data. Clima de San Francisco de Campeche. Climate-Data n.d. Available online: https://es.climate-data.org/america-del-norte/mexico/campeche/san-francisco-de-campeche-3373/ (accessed on 29 August 2022).

	



Aragón, J.L.; Flores, J.; Jurado, E.; Ramírez, H.M.; Robles, E.; Rodas, J.P.; Yáñez, L. Potential impact of global warming on seed bank, dormancy, and germination of three succulent species from the Chihuahuan Desert. Seed Sci. Res. 2018, 28, 312–318. [Google Scholar] [CrossRef]

	



Euan, J.L.; González, E.A.; Ramírez, J.E.; Zamora, P.; Vargas, J.A.; Rodríguez, U.; Enríquez, J.K.; Caamal, J.H.; Aragón, J.L. Storage time effect on the germination of Haematoxylum campechianum in Campeche, Mexico. Madera Bosques 2001, 27, e2732263. [Google Scholar] [CrossRef]

	



ISTA. International Rules for Seed Testing; ISTA: Shenzhen, China, 2014. [Google Scholar]

	



Copeland, L.O.; McDonald, M.B. Seed Viability and Viability Testing. Principles of Seed Science and Technology; Springer: London, UK, 2001; pp. 124–139. [Google Scholar]

	



López, L.; Navarro, D.; Martínez, V.; Toorop, P.E.; Iannetta, P.P. A spectrophotometric assay for robust viability testing of seed batches using 2, 3, 5-triphenyl tetrazolium chloride: Using Hordeum vulgare L. as a model. Front. Plant Sci. 2017, 8, 747. [Google Scholar] [CrossRef] [PubMed]

	



TeKrony, D.M.; Egli, D.B.; Phillips, A.D. Effect of field weathering on the viability and vigor of soybean seed. Agronomy J. 1980, 72, 749–753. [Google Scholar] [CrossRef]

	



Baskin, C.; Baskin, J.M. Seeds: Ecology, Biogeography, and Evolution of Dormancy and Germination; Academic Press: New York, NY, USA, 1998. [Google Scholar]








[image: Plants 11 02844 g001 550] 





Figure 1. Final germination percentage (mean ± standard error, n = 10) per treatment (boiling water for 5 s, 10 s and 15 s and MS = mechanical scarification) in the studied species. Different letters indicate significant differences between treatments and species. 
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Figure 2. Daily seed germination (mean ± standard error, n = 10) in (a) Enterolobium cyclocarpum and (b) Piscidia piscipula in different germinative pre-treatment (boiling water for 5 s, 10 s and 15 s and MS = mechanical scarification). 
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Figure 3. Morphological characterization of the Piscidia piscipula seed coat. (A) External section, h, hilum, r, raphe, (B) Detail of the hilar region: f, hilar fissure, p, funicular parenchyma, m, micropyle, (C) Longitudinal section of the epidermis: e, embryo, m, macrosclereids, o, osteosclereids, p, parenchyma, (D) Longitudinal section of the hilar region: cls, cushion-like structure, cpl, counter-palisade layer, hr, hilar region, tb, tracheid bar, (E) Detail of interior of hilar region, cpl, counter-palisade layer, hr, hilar region, tb, tracheid bar, and (F) Approach to the tracheid bar cell, tb, tracheid bar. 
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Figure 4. Morphological characterization of the Enterolobium cyclocarpum seed coat. (A) External section, h, hilum, l, lens (B) Detail of the hilar region: h, hilum, m, micropyle, (C) Longitudinal section of the hilar region: h, hilum, m, macrosclereids, sp, spongy parenchyma, pp, palisade parenchyma, (D) Longitudinal section of the epidermis: c, cuticle, e, embryo, m, macrosclereids, sp, spongy parenchyma, pp, palisade parenchyma. 
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