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Abstract:



Pinus bungeana Zucc. ex Endl. is an endangered conifer tree species that is endemic to Western Central China. With the aim to confirm whether the Pinus bungeana seeds were dormant or not, an isolated embryo was cultured and seed coat interference with imbibition was examined by the water uptake test; the contribution of enclosing structures to germination inhibition and the effect of different temperatures (10 °C, 15 °C, 20 °C, 25 °C, and 30 °C) on seed germination were investigated by the germination test, then total germination percentage (TGP) and mean germination time (MGT) were calculated. Results showed that the Pinus bungeana seeds were non-dormant, seeds without any prechilling treatment germinated readily and achieved high germination (approximately 90%) at favorable temperatures (15 and 20 °C). At 25 °C, seed germination was inhibited and intact seeds exhibited 5% germination, but an interference with imbibition was not responsible for this result. In the seed tissue removal experiment, cracking the seed coat did not improve germination effectively, removing the seed coat and leaving the nucellar membrane either intact or having a quarter of it removed both elicited greater germination (34.7% and 40%, respectively). Meanwhile, removing the seed coat and removing either half or all of the nucellar membrane both promoted higher germination (approximately 80%), with germination rates that were nearly the same as that for the isolated embryos (86%). Germination inhibition was mainly induced by the enclosing structures and the nucellar membrane played an important role in inhibiting germination.
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1. Introduction


Pinus bungeana Zucc. ex Endl. is an evergreen conifer species within the family Pinaceae and is naturally distributed in Western Central China, geographically ranging from 29°55′ to 38°25′ N latitude and from 103°36′ to 115°17′ E latitude, across warm temperate, northern subtropic, and mid-subtropic climatic zones [1,2]. It is known as a favorite ornamental plant in China and is also widely used as an afforestation tree species due to its adaptability to the dry and cold climates. In addition, its cones and pollen are valuable medicinal herbs, its turpentine is an important chemical raw material, and its edible seeds are known as pine nuts.



Seed germination is a complex physiological process that is affected by internal (dormancy, maturity, and genetic) and external factors (temperature, light, oxygen, and moisture) [3]. Each has a specific effect on the germination process, either acting alone or working together with each other [4]. Seed dormancy occurs during seed development, making the mature seeds fail to germinate under conditions that are normally favorable for germination. Dormancy evolved in both gymnosperms and angiosperms, and it is an adaptability promoting germination when circumstances are more ideal for seedlings and plant establishment [5]. There are several types of seed dormancy that can usually be classified into two categories: internal (or embryo) dormancy and physical (or seed coat-imposed) dormancy. The internal dormancy is due to underdeveloped embryos or the presence of metabolic inhibitors, while the physical dormancy is conferred by the tissues surrounding the embryo, which impose dormancy by blocking the water absorption or gas exchange, exerting mechanical restraint on the radicle emergence, playing the role of a barrier against the escape of chemical inhibitors from the embryo, or containing inhibitors themselves, or through the combination of any one of these factors [4,6].



Pinus bungeana is propagated from seeds, however, the seeds develop strong dormancy [2,7,8,9,10,11,12], which may be a challenge for seed reproduction and limit the use of Pinus bungeana as a plantation tree. So far, although there is already some information on the analysis of dormancy in Pinus bungeana seeds, only partial explanations are available and sometimes the explanations are apparently contradictory. For example, some researchers [8,9,10] have considered that seed coat played a dominating role in seed dormancy while the embryo was non-dormant, while other researchers [11] have pointed out that the embryo showed dormancy and the germination of embryo was regulated by the endosperm. As reported by some investigators, the presence of inhibitory substances in the seed tissues was mainly responsible for the seeds’ dormancy, but they held a different view on the content of inhibitory substances of each seed tissue. Wang et al. [9] reached the conclusion that the inhibitors in the seed coat were the most important factor affecting dormancy, followed by the inhibitors in the nucellar membrane, with the least important inhibitors in the megagametophyte, while Dong et al. [12] obtained the opposite results, where they deemed that the content of inhibitors contained in each seed tissue were: megagametophyte > nucellar membrane > seed coat. Furthermore, other studies have indicated that the water-impermeable seed coat and nucellar membrane had significant interference on the water absorption of the seeds, and the permeability barrier was one of the most important causes of seed dormancy [9,12].



Under laboratory conditions, seeds of some species like Tilia americana L., Pinus parviflora Siebold & Zucc., and Pinus lambertiana Douglas, which germinate slowly and steadily at 25 °C (a temperature generally used in seed germination), usually require over one month for all viable seeds to germinate. This prolonged germination pattern may indicate that the seeds are dormant and require pretreatment such as stratification or gibberellin exposure to germinate, or that this temperature is beyond the optimum temperature range for some species like the Western Australian perennial species of Acacia blakelyi Maiden, Acacia pulchella R.Br., Allocasuarina humilis (Otto & A.Dietr.) L.A.S.Johnson, Beaufortia elegans Schauer, Conostylis neocymosa Hopper, Kennedia prostrate R.Br., Melaleuca acerosa Schau., and Xanthorrhoea drummondii Harv., which have optimum germination percentages between 15 and 20 °C, and Leptospermum spinescens Endl., which has an optimum at 10 °C [4,13,14].



Temperature plays a vital role in the process of seed germination, and most species need a suitable range or alternating mode to achieve the maximum germination. Temperature influences the percentage and speed of germination, which acts directly on the water imbibition and physiological metabolic reaction that regulates this process [15]. In addition, temperature regulates seed germination by removing primary and/or secondary dormancy. Moreover, the period of germination may be revised completely in response to temperature [4].



Previous findings of low levels of germination at 25 °C are usually explained by the presence of dormancy [2,7,8,9,10,11,12], and little is known about the suitable conditions for the germination of Pinus bungeana seeds, especially the effect of temperature on germination. The failure of many seeds to germinate may not be due to the seeds needing pretreatment but may be that the seeds merely require specific temperature regimes to germinate [16]. For example, either no germination or extremely low germination was observed at 25 °C and 30 °C, while high final germination was obtained when seeds were incubated at lower temperatures of 15 °C and 20 °C for species such as Pinacia oleracea L. [17,18], Ornithopus pinnatus (Mill.) Druce [19], and Myrsine parvifolia A. DC. [20], and coniferous species of Pinus halepensis Miller and Pinus brutia Tenore [21].



Based on these studies, we hypothesized that the Pinus bungeana seeds may not be dormant but that a lower or higher temperature would be favored by seed germination of this species. Then, specific experiments were conducted in the following to verify the hypothesis. Because the dormancy of Pinus bungeana seeds has not been documented clearly, and the germination characteristics have not been fully explored, this study set out to investigate and describe the seed dormancy and germination characteristics in Pinus bungeana and provide valuable information for future plantation programs. Specifically, the aims of the present study were to: (1) investigate the specific seed tissues involved in inhibiting germination and their relative importance at 25 °C; (2) determine whether the seeds are dormant or not according to the basic elements required for germination (moisture and temperature); and (3) test the effect of temperature on germination and determine the suitable temperature range for seed germination.




2. Materials and Methods


2.1. Seed Material


Freshly matured seeds of Pinus bungeana were collected in October 2015 from a Pinus bungeana natural forest in Xiaolong Mountain, in Gansu Province, Northeast China (34°0′~34°40′ N, 105°30~106°30′ E, 700~2500 m above sea level). Seeds were extracted from the cones after collection, and then transported to the laboratory of Nanjing Forestry University. The damaged and insect-infected seeds were abandoned and the empty ones were excluded by using the floating method [22,23]. Seed moisture content was approximately 9.9%, which was determined by drying 50 seeds in triplicate at 103 ± 2 °C for 17 h in an oven following the International Seed Testing Association [24]. These fresh seeds were then stored at 5 °C for three days before the experiments were commenced.




2.2. In Vitro Embryo Culture


Three replicates of 50 seeds were surface sterilized in 75% ethanol for 5 min, rinsed three times with sterile distilled water, and the seed coats were removed using forceps. The decoated seeds were dissected using a single sided razorblade, and the embryos were excised from the seeds and incubated on moist absorbent cotton at 25 °C with an 8-h photoperiod. Cultured embryos were observed at 12:00 p.m. every day for embryo growth and photographed using a stereomicroscope (SZX16, OLYMPUS Co., Tokyo, Japan) every two days over the 14-day incubation period. Radicle elongated to 2 mm and geotropic curvature were used as germination criterion.




2.3. Water Uptake Test


Three replicates of 50 seeds were weighed and thereafter immersed in distilled water under ambient conditions (25 °C). Before the experiments, seeds were preliminarily treated as follows: (1) intact seeds, cracked seeds; and (2) seeds with seed coat removed while the nucellar membrane was left on the megagametophyte (seed coat removed), seeds with both the seed coat and nucellar membrane completely removed (seed coat and nucellar membrane removed). Seed weight (g) was measured every 12 h until seeds reached a constant weight. Before weighing, the seed surfaces were dried using filter paper. The increase in seed fresh weight (IFW) (%) over imbibition period was calculated to determine water uptake with the following equation:
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(1)




where Wt is weight of imbibed seeds at time t and W0 represents the initial weight of the seeds before imbibing.




2.4. Determining Seed Tissues That Inhibit Germination


The major enclosing structures of the embryo in Pinus bungeana seeds are the megagametophyte, nucellar cap surrounding the micropylar end, seed coat, and nucellar membrane. To investigate the contribution of these tissues in the dormancy of Pinus bungeana seeds, the effects of sequentially removing these tissues were studied.



Dissections were performed under laminar flow using forceps and tweezers (previously sterilized in 75% ethanol). Prior to removing the tissues, seeds were imbibed in sterile distilled water for 96 h at 25 °C. The seeds were surface sterilized in 75% ethanol for 5 min and then rinsed three times with sterile distilled water.



Experiments included the following treatments: (1) intact seed coat (Control; Figure 1a); (2) seed coat cracked gently at the micropylar end (Cracked C; Figure 1b); (3) seed coat removed, nucellar membrane left intact (No C; Figure 1c); (4) seed coat and whole nucellar membrane removed, nucellar cap left intact (No C, NM; Figure 1h); and (5) seed coat, nucellar membrane, and nucellar cap removed (No C, NM, NC; Figure 1i). To investigate the further contribution of the nucellar membrane, experiments were performed altering the integrity of the nucellar membrane as follows; (6) seed coat removed and about a quarter of the nucellar membrane at the chalazal end ripped off laterally (No C, 1/4 NM-C; Figure 1d); (7) seed coat removed and about a quarter of the nucellar membrane in the micropylar end ripped off laterally (No C, 1/4 NM-M; Figure 1e); (8) seed coat removed and half of the nucellar membrane at the chalazal end ripped off laterally (No C, 1/2 NM-C; Figure 1f); and (9) seed coat removed and about half of the nucellar membrane in the micropylar end ripped off laterally (No C,1/2 NM-M; Figure 1g).


Figure 1. Seed treatments: (a) Intact seed (Control); (b) Seed coat cracked (Cracked C); (c) Seed coat removed (No C); (d) Both seed coat and a quarter of the nucellar membrane at the chalazal end removed (No C, 1/4 NM-C); (e) Both seed coat and a quarter of the nucellar membrane in the micropylar end removed (No C, 1/4 NM-M); (f) Both seed coat and half of the nucellar membrane at the chalazal end removed (No C, 1/2 NM-C); (g) Both seed coat and half of the nucellar membrane in the micropylar end removed (No C, 1/2 NM-M); (h) Both seed coat and whole nucellar membrane removed (No C, NM); (i) Seed coat, nucellar membrane, and nucellar cap all removed (No C, NM, NC).
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After preliminary treatments, the remainder of the seeds were incubated on moist absorbent cotton at 25 °C (as mentioned in the introduction, the dormancy of Pinus bungeana seeds is usually conducted at this temperature) and an 8-h photoperiod. The seeds were moistened with distilled water when necessary. A seed was considered to be germinated with the emergence of the radicle (radicle ≥ 2 mm). Three replicates of 50 seeds were used for each treatment. Germination percentage was recorded at 12:00 p.m. every day over the 30-day incubation period. Viability was assessed in the non-germinated seeds at the end of each experiment with a positive tetrazolium test [24].



At the end of the incubation time, the following parameters were assessed: total germination percentage (TGP) and mean germination time (MGT), with calculations based on the following equations:
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(2)




where n is germinated seeds at the end of the experiment and N is the total number of seeds originally placed on moist absorbent cotton to germinate.
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(3)




where ni is the number of germinated seeds at day t and n is the total number of germinated seeds at the end of the experiment.




2.5. Effect of Temperature on Germination


Tests were conducted under five constant temperature regimes (10 °C, 15 °C, 20 °C, 25 °C, and 30 °C) with an 8-h photoperiod. Three replicates of 100 seeds were incubated on moist absorbent cotton. Before the germination test, seed lots were imbibed in distilled water for 96 h. Germination percentage was recorded at 12:00 p.m. every day over the 30-day incubation period. A seed was considered to be germinated with the emergence of radicle (radicle ≥ 2 mm). At the end of the incubation time, TGP values were calculated as described in the previous section.




2.6. Statistical Analyses


The data were analyzed by SPSS 19.0 (IBM, Armonk, NY, USA) and Excel (Office 2013 Pro Plus, Microsoft Corporation, Redmond, WA, USA) software. Statistical analysis was performed using a one-way analysis of variance (ANOVA) followed by Duncan’s Multiple Range Test (DMRT). Values were expressed as means ± SD (standard deviation) for three replicates in each of the independent experiments; p-values < 0.05 were considered significant.





3. Results


3.1. In Vitro Embryo Culture


Isolated embryos placed on moist absorbent cotton germinated readily when non-embryonic seed tissues were removed, exhibiting 86% germination and showing great variation in morphology and size (Figure 2). The embryonic axes elongated and the cotyledons expanded and turned green after 14 days in culture. Thus, the embryos themselves were non-dormant and the dormancy in seeds was imposed by the enclosing structures that wrapped the embryos.


Figure 2. Germination process of excised Pinus bungeana Zucc. ex Endl. embryos. (a–h) Variations in morphology of the isolated embryos during a 14-day period.
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3.2. Water Uptake Test


It took about 120 h for the intact seeds and cracked seeds to achieve a near saturation level of water uptake. Imbibition of cracked seeds varied only slightly from that of the intact seeds. At the end of the imbibition time, intact seeds took up 17.7% of initial weight in water and cracked seeds took up 19.7%. No significant differences were observed after 156 h among the two seed treatments. The imbibition rate was just slightly higher in cracked seeds (Figure 3a).


Figure 3. Water absorption curves of seeds with different treatment. (a) Water absorption curves of the intact seeds and cracked seeds; (b) Water absorption curves of seeds that had their seed coat and nucellar membrane removed and seeds that had their seed coat removed. Vertical bars represent the standard deviation.
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When both the seed coat and nucellar membrane were removed, the seeds absorbed water more rapidly than when only the seed coat was removed. The water uptake of seeds that had both their seed coat and nucellar membrane removed increased to 48.2% in 24 h, and then increased to a saturated level of 53.0% at the time of 84 h. However, the water uptake of seeds that had their seed coat removed only increased to 29.8% in 24 h, and it would take at least 120 h for them to achieve a saturated level of water uptake. Significant differences were measured after 156 h among the two treatments (Figure 3b).




3.3. Determining Seed Tissues That Inhibit Germination


To determine which structures contributed to preventing germination in dormant Pinus bungeana seeds, different seed tissues were sequentially removed and the total germination percentage and mean germination time were evaluated. Large differences were measured among treatments for TGP (Figure 4a) and MGT (Figure 4b). In contrast to isolated embryos excised from seeds, only 5.3% of intact seeds germinated after incubation for 30 days at 25 °C, and no significant difference was observed in germination percentage between the cracked seeds and intact seeds (11.3% and 5.3%, respectively). Furthermore, the removal of the seed coat and either leaving the nucellar membrane wrapping the megagametophyte intact or having a quarter of it removed (whether at the chalazal end or in the micropylar end) all promoted germination (approximately 34.7% and 40%, respectively). Higher germinations were induced when the seed coat and half of the nucellar membrane were removed rather than when the seed coat and a quarter of the nucellar membrane were removed (approximately 40% vs. 80%, respectively). Removal of the seed coat and nucellar membrane, with the nucellar cap removed or not, both permitted high germination (84% and 89.3%, respectively), which was nearly the same as that for the isolated embryos. Meanwhile, the MGT was increased significantly if the nucellar cap sheathing the micropylar end of the megagametophyte was left intact. The smallest MGT (fastest germination) was obtained by treatments with the seed coat, the whole nucellar membrane, and the nucellar cap all removed (7.7 days), followed by the treatments with seed coat removed and with the whole nucellar membrane removed or half of the nucellar membrane removed seeds (between 12.6 and 16.0 days), while the MGTs of the rest of the treatments were all around 20 days and almost the same as that for the control (21.8 days).


Figure 4. The contribution of enclosing tissues on seeds germination. (a) Percentage of germinated seeds (TGP), non-viable seeds, and dormant seeds; (b) Mean germination time (MGT) obtained after 30 days of incubation. Bars and rhomboids represent means ± SD from three replications of 50 seeds each. Values with the same letter in the same graph are not significantly different at p < 0.05.
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3.4. Effect of Temperature on Germination


Seeds incubated at various temperatures displayed significant differences in germination (Figure 5) (p < 0.05). The time-course of germination under different temperatures showed that out of the tested temperatures, 20 °C yielded the fastest germination rate. The germination percentage at 20 °C was the highest (92.3%), and 15 °C was also effective for a high germination response (87.7%), while incubation at higher temperatures (25 °C and 30 °C) resulted in lower total germination (5.2% and 0.7%, respectively) and no seeds germinated at 10 °C.


Figure 5. Cumulative germination percentage for Pinus bungeana seeds incubated at five different temperatures.
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4. Discussion


4.1. Germination of Isolated Embryos


Isolated embryo cultures suggested that the embryos themselves were non-dormant and that the dormancy of Pinus bungeana seeds seemed to be mainly regulated by the tissues that enclosed the embryos. Previous studies published on the subject of conifer seed dormancy have also supported this result; in seeds of coniferous species such as Picea glauca (Moench) Voss [25], Pseudotsuga menziesii (Mirb.) Franco [26], Chamaecyparis nootkatensis (D. Don) Spach [27], Pinus sylvestris L. [28], Picea abies Karst. [29], and Pinus taeda L. [30,31,32], their embryos often germinated when they were excised from the seeds and placed in water, which indicated that the conifer embryos were not inherently dormant and that the tissues wrapping the embryos played an inhibitory role and impeded their radicle emergence.




4.2. Water Imbibition of Seeds


Water uptake is a fundamental requirement to complete seed germination. Interference with water uptake has been demonstrated as one of the factors that contribute to the dormancy of seeds in several families such as Leguminosae, Cannaceae, Convolvulaceae, and Malvaceae, which are characterized by holding a hard testa [33]. In seeds of Pinus taeda [30,31], the seed coat prevents imbibition by restricting swelling of the megagametophyte and embryo while in some other conifer seeds such as Pinus monticola Douglas ex D. Don [34], Pinus lambertiana [34], Pinus sylvestris, and Picea abies [28,29], the thin nucellar membrane surrounding the megagametophyte has been found to act as an effective barrier against imbibition and germination. Our study showed that despite the presence of several membrane sclereids in the hard Pinus bungeana seed coat, the seeds with an intact seed coat were still able to uptake water, even though they did it at slower rates than those with the seed coat removed. In the conifer seeds, there are always portal-like structures in the seed coat for the entrance of water. One is the micropyle, and the other two structural openings are found at the chalazal end and at the ridge connecting the two halves of the seed. They make the water enter the seeds, acting either alone or working together with each other.



Although the seed coat did not create a completely impermeable barrier, similarity to what has been observed in Pinus taeda seeds [30,31], the seed coat could limit the swelling of the megagametophyte to a certain degree. This restriction might have persisted until the seeds germinated and weakened as the seed coats split. This was one of the reasons that the water uptake of the seeds with the seed coat removed was significantly higher than those with the seed coat left on. Furthermore, the considerable difference of water uptake between seeds with the seed coat removed and seeds with seed coat left on was somewhat misleading, as that the presence of the seed coat contributed much to the dry weight, but it imbibed less water than the megagametophyte and embryo. This exaggerated the difference in water absorption between the two treatments to some extent (although certain differences indeed exist). Even so, after a 156-h water soak, the moisture content levels of the megagametophytes and embryos within the intact seeds and cracked seeds were close to that of the seeds that had been stratificated for months (about 30%), which could germinate. Although the thin lipophilic nucellar membrane regulated imbibition more effectively than the hard seed coat, when the seed coat was removed, regardless of whether the nucellar membrane was removed or not, the moisture content levels were all >40% (data not shown), and the moisture content was likely to be adequate for the metabolic processes required for germination. Therefore, the coat-enhanced dormancy of Pinus bungeana seeds was not likely to be due to an interference with imbibition.




4.3. Identification of Seed Structures Involved in Restricting Germination


By removing the enclosing seed tissues sequentially, it might be concluded that the nucellar cap, the nucellar membrane, and the seed coat all contributed to the coat-imposed dormancy, and the nucellar membrane played the dominating role in the dormancy and germination of Pinus bungeana seeds. The seed coat of Pinus bungeana was hard and thick, and appeared to present a mechanical barrier to radicle elongation. Cracking the seed coat along the micropylar ridge relieved some of the physical constraint, whilst supplying an entryway for oxygen exchange and water uptake, but this did not greatly improve the seed germination. The germination percentage of the cracked seeds was closer to that of the intact seeds than those with the seed coat removed, suggesting that the seed coat might act as more than a mechanical barrier to germination. In addition, removing the seed coat further improved the permeability compared with the cracked seeds, and inhibitors that might be present in the seed coat and which could inhibit germination were no longer present with the removal of the seed coat, but only 34.7% germination was obtained, indicating that the seed coat was not the only factor that inhibited germination.



The nucellar membrane of conifer seeds is thin and fragile and likely does not present a mechanical barrier to germination. Prior to the studies by Tillman-Sutela and Kauppi on the water uptake in Pinus sylvestris and Picea abies [28,29], this tissue had received little attention. However, in our study, when the seed coat was removed while the nucellar membrane was left intact, germination rates of 34.7% were observed after 30 days in culture. Furthermore, it was found that seed germination improved gradually when the enlarging of the nucellar membrane was removed. When the whole nucellar membrane was removed, a germination rate of 84% was observed. Clearly, the nucellar membrane plays an important role in the germination inhibition of Pinus bungeana seeds. Simultaneously, the nucellar membrane and seed coat might have a synergistic effect on inhibiting seed germination. Furthermore, the removal of a quarter of the nucellar membrane did not improve germination greatly, which indicates that permeability might not be the only way that the nucellar membrane plays a role in impeding germination, and there might be inhibitors such as abscisic acid (ABA) present in the nucellar membrane.



The role of the nucellar cap in the dormancy of coniferous seeds has been studied in Pinus sylvestris, Picea abies, and Picea glauca, with the nucellar cap shown to act in a manner that physically constrains radicle protrusion through the micropylar opening of the megagametophyte [25,28,29]. For the Pinus bungeana seeds, the thick and waxy nucellar cap also has some effects on the embryo protruding from the megagametophyte, yet the inhibition was very limited, only slowing down the seed germination rate to a minor extent, and can be ruled out as a major factor in preventing seed germination. Furthermore, research on the dormancy mechanism of Pinus monticola seeds suggested that the megagametophyte seemed to prevent radicle extension to a greater extent than the nucellar cap, nucellar membrane, and the seed coat [34,35]. However, in our experiment, the embryo cultured with megagametophyte germinated quickly and had high germination (approximately 90%), which was nearly the same as that for the isolated embryos. It can be seen that the megagametophyte of the Pinus bungeana seed exhibited no impediment to the radicle elongation.




4.4. Responses of Germination to Temperature


At 25 °C, the intact Pinus bungeana seeds exhibited low germination (5%) in the germination test, whilst the sequential tissue removal experiments confirmed that germination was mainly prevented by tissues external to the embryo. This result was supported by earlier studies on Pinus bungeana seeds [9,12]. Although these previous findings of low levels of germination usually explained that the seeds were dormant, little was known about the seed germination conditions of this species. Seed germination depends on several environmental conditions, usually including moisture, oxygen, and temperature. The water absorption test revealed that the seed coat and nucellar membrane indeed slowed the rate of absorption, but they did not create a completely impermeable barrier, and the moisture content of intact seeds could meet the requirement for germination, so the interference with the imbibition of these two tissues might not be responsible for the inability to germinate. Furthermore, the interference with oxygen uptake could also be ruled out as a main factor to prevent germination. In our experiment, cracking the seed coat along the micropylar ridge provided a portal for gas transit, but seed germination was only marginally improved, whilst after having a quarter of the nucellar membrane removed, germination was 5% higher compared to when the nucellar membrane was left intact. That is, when the water and oxygen were available for germination, there were still many seeds that did not germinate and appeared dormant. Presumably, this might be caused by an unfavorable temperature. Accordingly, the effect of temperature on Pinus bungeana seeds germination was further examined.



Ghildiyal and Sharma [16] pointed out that the failure of many seeds to germinate may not be due to a need for pretreatment but may be that the seeds merely require a specific temperature to complete germination. Pooled germination data from the five temperatures showed that out of the tested temperatures, the fastest germination rate was obtained at 20 °C. At 15 °C, there was a slight decrease in rate and final germination when compared with 20 °C, while at 10 °C, 25 °C, and 30 °C significant inhibition of germination was observed. A dormant seed is one that does not have the capacity to germinate in a specified period of time under any combination of normal physical environmental factors that are otherwise favorable for its germination [33]. Obviously, at the favorable temperatures (15 °C, 20 °C), the seeds of Pinus bungeana were non-dormant, while the high temperatures (25 °C, 30 °C) inhibited the total germination and decreased the germination rate of Pinus bungeana seeds. In the work of Thanos and Skordilis [21], with seeds of Pinus halepensis and Pinus brutia, a temperature of 20 °C was equally advisable for the germination process, favoring germination and reducing the mean germination time. Moreover, seeds of Pinus halepensis displayed a wider range of temperature requirements than those of Pinus brutia, since the former also exhibited high germination at 15 °C. Nevertheless, it must be noted that the germination in these two conifer species and Pinus bungeana were restricted to a rather narrow range of temperatures, around 20 °C, while higher temperatures (>20 °C) produced a sharp decrease in germination or resulted in no germination occurring. This temperature variation is called thermos-inhibition, which is characterized by the absence of germination when the temperature is slightly above the optimum conditions [36]. Germination inhibition by high temperatures (25 °C–30 °C) has been observed in other species, such as Spinacia oleracea L. [17,18], Ornithopus pinnatus [19], and Myrsine parvifolia [20], and the seeds of these three species have also shown higher final germination at temperatures of 15 °C and 20 °C, while significantly lower germination occurred at 25 °C and 30 °C.



For the seeds of Pinus bungeana, 25 °C and 30 °C exceeded the suitable temperature range for germination, resulting in thermos-inhibition, whereas when the seeds that failed to germinate after a 30-day period at high temperatures (25 °C and 30 °C) were transferred to 20 °C (suitable germination temperature) and continued to incubate subsequently, they reached high germination (91% and 88%, respectively, data not shown). These results demonstrated that the inhibition of germination at high temperatures on Pinus bungeana seeds was reversible when seeds were returned to lower temperatures and allowed us to exclude the possibility that secondary dormancy was induced at high temperatures.




4.5. Roles Seed Structures Played in Germination at Different Temperatures


By analyzing the seed structures involved in restricting germination, we found that seed tissues (seed coat, nucellar membrane) played an important role in inhibiting seed germination at the temperature of 25 °C, but the intact Pinus bungeana seeds germinated readily at 15 °C and 20 °C, so how do these tissues contribute to germination at these different temperatures? In this respect, the germination of Arabidopsis thaliana L. seeds was also strongly dependent on the incubation temperature; seeds did not germinate at high temperature (20–27 °C) but germinated easily at a low temperature (13 °C) or when a fluridone (an inhibitor of ABA biosynthesis) treatment was given at high temperature [37]. Equally, the same behavior has been observed in Lactuca sativa Linn. seeds, which germinated at 10–22 °C but not at temperatures above 25–30 °C. This threshold was raised by the application of gibberellins, cytokinins, and ethylene, while ABA decreased the temperature range for germination [38]. These results indicated a very probable role of ABA in the failure of seeds to germinate at relatively high temperatures. We speculate that the same mechanism could operate in the Pinus bungeana seeds, and there might be inhibitors such as ABA present in the seed tissues that play a role in the germination inhibition at 25 °C.



It has been reported that in Arabidopsis thaliana seeds, the ABA content decreased faster at lower temperature of 13 °C, which was the optimal temperature for germination in comparison to the higher temperature of 27 °C [37]. The same variations in ABA contents were observed in lettuce seeds cultured in a similar temperature condition [38]. Consequently, when the Pinus bungeana seeds were incubated at 25 °C, this high temperature may have promoted ABA biosynthesis and prevented ABA inactivation through metabolism and/or conjugation, making seed tissues contain higher levels of ABA than that at 15 °C and 20 °C. Simultaneously, evidence exists that shows that oxygen concentration might determine the catabolic rate of germination inhibitors or ABA [39,40]. The availability of oxygen in imbibed seed was strongly dependent on temperature, and the low temperature increased the dissolved oxygen concentration in water [4,41]. When the Pinus bungeana seeds were cultured at 25 °C, the presence of seed tissues might have been instrumental for the absence of germination through imposing oxygen deprivation to the embryo, which, in turn, promoted ABA synthesis and/or impeded ABA inactivation. Moreover, it is known that the incubation temperature can affect embryo responsiveness to ABA [42,43,44], and the sensitivity of the embryo to ABA inhibition reduced at low temperature [43]. Probably, the sensitivity of embryos to ABA increased at a high temperature of 25 °C, which might also be responsible for the inability of the Pinus bungeana seeds to germinate. Taken together, the germination inhibition in Pinus bungeana seeds may be related to high levels of ABA, an increase in the sensitivity of the embryo to ABA, or a lower concentration of dissolved oxygen in the seed tissues at 25 °C.





5. Conclusions


In the range of temperatures analyzed in the study, the best effect was achieved for a temperature of 20 °C, followed by 15 °C. At these favorable temperatures, the seeds without any prechilling treatment achieved high germination, approximately 90%. Clearly, the seeds of Pinus bungeana were non-dormant, and did not require any pretreatment to germinate, while the failure of Pinus bungeana seeds to germinate at 25 °C was because the seeds merely required a lower temperature to complete the germination process. Thus, an interference with imbibition can be ruled out as a main cause for the failure of germination. At 25 °C, the isolated embryos germinated readily and obtained 86% germination, so the tissues surrounding the embryos could be considered to be responsible for the significant delay of germination when incubated at the temperature of 25 °C. Moreover, the nucellar membrane played an important role in germination inhibition, followed by the seed coat, while the nucellar cap had no effect on the total germination percentage but slowed down the germination rate to a minor extent, and the megagametophyte exhibited no impediment to the radicle elongation. Nevertheless, it should be noted that we did not investigate what particular roles the seed tissues, especially the nucellar membrane, played in inhibiting germination. In our study, the effects of seed tissues on water uptake were investigated, and we intend to study the effect of these tissues on oxygen exchange and the presence of chemical inhibitors in the near future. This can provide us with a thorough understanding of the specific mechanisms that led to the seeds failing to germinate at higher temperature conditions.
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