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SUMMARY
We aimed to investigate the main water entrance pathway during Sapium sebiferum seed imbibition and the relationship between seed coat structure and water uptake. Seed coat structure was observed using a scanning electron microscope (SEM). We conducted dye tracking and blocking experiments to determine the major sites of water entry into S. sebiferum seeds. Additionally, the water uptake of intact and cracked seeds was compared. SEM images showed that the S. sebiferum seed coat was composed of three layers: the waxy cuticle, the palisade layer and the parenchymatous layer, moving from exterior to interior. The cracked seeds showed significantly increased water absorption and reached saturation faster than intact seeds. This indicated that the S. sebiferum seed coat was permeable, but could delay water uptake. The results of the blocking experiments showed that S. sebiferum seeds could take up water through the entire seed coat, and the major site of water absorption was the middle part of the seed coat followed by the micropylar region and the opposite end to the micropylar region. This was in accordance with the results of the dye tracking as the first red staining was observed at the middle part of the endosperm. 
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INTRODUCTION
Water absorption plays an important role in seed germination because it is necessary for initiating biological actions. By imbibition, dry seeds can resume metabolic activity, as evident from the increase in respiratory activity. Thus germination will be retarded if seed coats hinder the admission of water. The increasing attention given to water uptake has resulted in extensive interest in the water entrance pathway of seed, especially seeds with physical dormancy (Jayasuriya, 2008). Studies have shown that different seeds exhibit individual hydration properties. For example, for Phaseolus vulgaris ‘Rajma’ and Vigna angularis seeds, water is taken up first by the lens near the hilum (Kikuchi et al., 2006). However, in some Fabaceae family members, after treatment to break physical dormancy, water enters into seeds through the extrahilar region (Hu et al., 2008, 2009), in disagreement with Baskin (2003) who considered that lens was the water entrance in legumes. In addition, de Paula et al. (2012) found that water entered through the micropylar region in thermally scarified seeds of Cassia leptophylla but through the lens in Senna macranthera seeds. Actually, most studies on the site of initial water uptake have used leguminous seeds or physically dormant seeds, and there has been no similar research on the seeds of other species.
Sapium sebiferum (Linn) Roxb. (Euphorbiaceae), known as the Chinese tallow tree or chicken tree, is a deciduous plant found in most parts of China. It has potential use as a landscape and road side plant because of its ornamental value. Additionally, the waxy coating of the seeds can be used for making soap, and the leaves and roots can be used as medicines. Moreover, it is the third most productive biodiesel-producing crop in the world, after algae and oil palm (Potts and Bolley, 1946; Ruskin et al., 1983). Thus, S. sebiferum is also considered as an important economic forest tree. For S. sebiferum, the best reproduction method is to use seeds, but this is seriously handicapped by its dormancy habits (Li et al., 2011). Previous studies have indicated that S. sebiferum seeds can absorb some water (Li et al., 2012). However, to our knowledge, no research into the exact location of water uptake of S. sebiferum seed has been conducted. In the current investigation, we have, therefore, conducted a series of studies about water uptake in S. sebiferum seeds to provide a better understanding of the main water entrance pathway during imbibition. Moreover, the permeability of a seed coat should be related to its structure, the hard and waxy seed coat of S. sebiferum did not completely retarded its water uptake as the Fabaceae family did. Investigating the influence of seed coat structural features on the water entrance pathway of S. sebiferum seeds was another objective of this study. 
MATERIALS AND METHODS
Plant materials 

Naturally dispersed S. sebiferum seeds were collected from the ground on the Nanjing Forestry University campus, China in November 2012. After collection, the seeds were immersed in 1% NaOH for 20 minutes to remove the white waxy aril. Subsequently, the seeds were rinsed with tap water, dried at room temperature for one week and stored in sealed plastic bags in a refrigerator at 0–5°C until use.

Seed coat morphology
The initial water uptake and amount of water absorption should be related to the structure of the seed coat. The anatomy of the S. sebiferum seed coat was examined by scanning electron microscopy (SEM) (FEI Quanta 200). According to Liao et al. (2014), the S. sebiferum seed coat includes three specialized areas, i.e. the micropylar region, the opposite end to the micropylar region and the middle part, so for anatomical studies, we observed these three regions and the surface of the seed coat. Samples of entire seeds and sections of the seeds were cut longitudinally with a single-edge blade, fixed in 4% glutaraldehyde, washed three times in a 0.1-M sodium phosphate buffer (pH 7.2) and post-fixed in 1% (w/v) OsO4 overnight at room temperature. Following another extensive rinse with the same buffer, the samples were dehydrated in a graded series of ethanol solutions (30%, 50%, 70%, 90% and 100%). Subsequently, the ethanol was replaced with isoamyl acetate. Then, the samples were subjected to critical-point drying, mounted on aluminum stubs with double-sided adhesive and sputter-coated with gold. Finally, the samples were observed and photographed by electron microscopy (Pinzon-Torres et al., 2009). 

Detection of water entrance pathway by TTC staining

The tetrazolium test was used to locate the site of water entrance through the seed coat at the beginning of imbibition. In the experiment, 200 seeds were soaked in 200 ml distilled water at room temperature for 24 hours. Subsequently, staining was done in 1% (w/v) 2,3,5-triphenyl-tetrazolium chloride (TTC) at 35°C in the dark (GB 2772-1999). Every 6 hours, 15 seeds were taken out and rinsed with tap water. The seed coat was removed to observe the TTC staining reaction. This procedure was continued until seeds were stained for 72 hours.

Water absorption after blocking different seed parts

Eight different treatments were given to locate the water entrance region by weight changes after water uptake. For each treatment, three replicates of 30 seeds were used. Before the series of experiments, every group of seeds was weighed using an analytical balance with a precision of 0.001 g to obtain the fresh weight. Then, the seed coats were made partially impermeable with Vaseline as follows: (A) control (non-blocked seed), (B) the micropylar region was blocked, (C) the opposite end to the micropylar region was blocked, (D) the middle part of the seed coat was blocked (the whole seed coat was blocked except the micropylar region and the opposite end to the micropylar region), (E) only the middle part was unblocked, (F) only the opposite end to the micropylar region was unblocked, (G) only the micropylar region was unblocked and (H) the whole seed coat was blocked. After the eight treatments, seeds were immersed into 200-ml glass beakers with distilled water at 25(C. Every 12 hours, seeds were taken out, surface-dried using absorbent paper and the Vaseline was wiped off completely. After that, the seeds were weighed again. The samples were treated with Vaseline as above and returned to the soaking water. Seed weights were determined after soaking for a further 12 hours, with a final measurement at 144 hours. The rate of water uptake was calculated and expressed as the percentage of the fresh weight. Imbibition curves for the eight treatments were constructed and compared to investigate the water uptake through different parts of the seed.

Water uptake of cracked and intact seeds 

We compared water uptake in cracked and intact seeds (control) to determine whether the seed coat retarded water uptake. Three replicates of 30 manually cracked (individually with pliers) and 30 intact seeds were examined at time 0 and at 12-hour intervals for 144 hours. Each group of seeds was weighed before immersion in water and all subsequent procedures and calculations were done as in the previous assay. Water absorption curves for the seeds were constructed to determine whether the seed coat affected water uptake. 
Data analysis

The results from the different treatments were analyzed separately. The significance of the treatments was tested by one-way analysis of variance (ANOVA) and Duncan’s multiple range tests was used to identify significant differences between pairs of means. 
RESULTS
Seed coat structural characteristics
The integument of the seed coat and its structure are critical in determining the location of initial water entry into the seed. The SEM images of S. sebiferum revealed that the seed coat included three layers in the longitudinal section. The external layer was the waxy cuticle composed of polygonal cells (Figure 1A, B). Beneath the cuticle was the palisade layer, which comprised most of the seed coat (Figure 1D) and consisted of a single layer of macrosclereids with thick lignified walls elongated longitudinally. The macrosclereids were tightly arranged. Generally, the major axis of the macrosclereids was normal to the cuticle. It was easy to find the cell lumen of the macrosclereids (Figure 1E). The innermost layer was the parenchymatous layer, which was close to the palisade layer except in the micropylar region (Figure 1F, G). From the longitudinal section of the seed (Figure 1D, F), we also found that the palisade layer in the micropylar region was only 221.47μm thick, which was thinner than in other areas. However, the parenchymatous layer in the micropylar region was the thickest (Figure 1F). The micropyle of S. sebiferum seed was occluded (Figure 1C). Moreover, the opposite end to the micropylar region showed a protrusion without a wax layer in its seed coat, yet had the thickest palisade layer (Figure 1H, I). 
Detection of water entrance pathway by TTC staining

When seeds were stained in TTC solution for 36 hours at 35(C, the first red coloured regions appeared at the middle part of the endosperm (Figure 2B). Before the dye tracking seeds were soaked for 24 hours, so when they turned red they had been soaked in water for 60 hours. The test showed that for S. sebiferum seeds, the main water entrance region was the middle part of the seed coat. After that, the red coloured regions expanded to the micropylar region and its opposite end (Figure 2C, D). 
Time course of water uptake after different blocking treatments
After soaking for 144 hours, the control seeds exhibited the greatest water uptake, which was 25.09% (Figure 3A and Table Ⅰ). However, when the whole seed coat was blocked with Vaseline, there was hardly any increase in fresh mass throughout the whole experimental procedure and water absorption remained approximately the same (1.14%) (Figure 3H and Table Ⅰ). This indicated that Vaseline could completely inhibit the water uptake of permeable seeds. 

The results showed that after imbibition for 144 hours the seeds in all blocking treatments except treatment H had an apparent increase in water absorption (Table Ⅰ). The water absorption of the control group (non-blocked) was significantly greater than in the treatments where only one part of the seed coat was blocked, which in turn was greater than when two parts of the seed coat were blocked except for the treatment where only the middle part was unblocked (treatment E). Among the three treatments where only one part of the seed coat was blocked, treatment C (the opposite end to the micropylar region was blocked) had the greatest final water absorption (22.5%), followed by treatment B (21.82%; the micropylar region was blocked) and treatment D (14.63%; the middle part was blocked). There were no significant differences between treatments B and C. However, both had significantly higher absorption than treatment D. These results indicated that the middle part of the seed coat could absorb more water than the other sites, and that the opposite end to the micropylar region absorbed the least amount of water. Treatments E (only the middle part was unblocked), F (only the opposite end to the micropylar region was unblocked) and G (only the micropylar region was unblocked) in which two parts of seed coat were blocked had final water absorption values of 19.69%, 10.40% and 12.42%, respectively. It was obvious that every part of the seed coat could absorb water and once again it showed that the middle part of the seed coat had the most impact on seed imbibition while the opposite end to the micropylar region had the least. Additionally, the water absorption results at 60 hours also showed the important role of the middle part of the seed coat in water entry. 
Comparison of water uptake between crack and intact seeds

On the whole, cracked seeds had a more rapid increase in water absorption until approximately 60 hours (water absorption = 26.74%), after which point the rate of water uptake plateaued (Figure 4). In contrast, the water absorption of the control seeds increased slowly and the final water absorption was 25.09%. The greatest difference between cracked and intact seeds was observed after the seeds were soaked for 36 hours (9.9%), the water absorption at this time was 23.58% and 13.69%, respectively. Thus, the water absorption of S. sebiferum seeds was significantly increased after eliminating the obstacle of the seed coat, and water uptake was faster than in the control group (intact seeds). Therefore, the seed coat of S. sebiferum was permeable, but retarded the speed of water uptake.
DISCUSSION 

For most species, seed germination begins with water imbibition, after which quiescent dry seeds can rapidly resume metabolic activity (Bewley, 1997). According to Ma et al. (2004), the permeability of the seed coat should be related to its structure. Previous research has shown that in many species the impermeability of the seed coat is caused by the presence of one or more palisade layers of lignified macrosclereids (Gama-Arachchige et al., 2010) and the cuticle (Bewley and Black, 1994; Villier, 1972). In this work, SEM images of the S. sebiferum seed coat revealed that it had a waxy cuticle covering a very tightly packed palisade layer (Figure 1E). This structure was similar to the testa morphology of Glycine soja, which was shown to prevent water uptake (Xu et al., 2009). Usually, the palisade layer makes seed coats harder, and for some species it also restricts seed imbibition for germination (Moïse et al., 2005; Rolson, 1978; Bewley and Black, 1994). However, by contrasting the water uptake of cracked and intact seeds, we found that the water absorption of S. sebiferum seeds was significantly increased after eliminating the obstacle of the seed coat, and water uptake was faster than the control group (intact seeds), i.e. the seed coat of S. sebiferum was permeable, but retarded the speed of water uptake (Figure 4). This was in accordance with the report of Li et al. (2012). The reason for the different performance of palisade layers in the S. sebiferum seed coat may be the presence of vacuous cell lumen of macrosclereids (Figure 1E).

Dye tracking and blocking experiments are commonly used to investigate the major sites of water entry into seeds (Jayasuriya et al., 2007, 2008; Perissé and Planchuelo, 2004; Hu et al., 2008). In our TTC staining test, the first red staining was found at the middle part of the endosperm after staining for 36 hours (i.e. 60 hours soaking in total). The blocking tests also showed that the greatest water absorption was through the middle part, including when soaked for only 60 hours (Table Ⅰ), so both experiments supported the same conclusion. However, the blocking experiments indicated that water entered into seeds through the entire seed coat. For example, when seeds were soaked for 60 hours, the water absorption of the micropylar region, the opposite end and the middle part was 8.58%, 5.40% and 11.63%, respectively (Table Ⅰ). It may be that the smaller amount of water uptake in the micropylar region and its opposite end resulted in the endosperm near these two regions not being stained after staining for only 36 hours.
The micropyle is considered one of the key parts for seed imbibition (Rangaswan and Nandakumar, 1985; Hu et al., 2008). However, in this work, the micropyle of S. sebiferum seeds absorbed some water but it was not the most important location for water penetration into the seed because the final water absorption of treatment G was a little greater than in treatment F, but far smaller than in treatment E. According to Casini (1990), at the beginning of imbibition water enters through the thinnest areas of the seed coat. Here, our SEM images showed that the micropyle of the seed was blocked, but the palisade layer in the micropylar region was the thinnest, which may have lessened the restriction on water uptake, so the final water uptake through the micropylar region (treatment G) was slightly greater than through the opposite end (treatment F). Clearly, the middle part occupies the greatest surface area of the seed coat, which may be why its water absorption was greater than that of the micropylar region or its opposite end. 

In this study, our results showed that every part of the seed coat could absorb water. The amount of water movement into the seed was greatest in the middle part, followed by the micropylar region and then the opposite end to the micropylar region. However, we still do not know the initial site of S. sebiferum seed imbibition, further studies are required to elucidate that.
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TABLE Ⅰ
 The water absorption of S. sebiferum seeds in different blocking treatments after soaking for 60 and 144 hours.

	Treatments
	Water absorption（%）

	
	60 (h)
	144(h)

	CK (A)
	17.17±0.24a
	25.09±0.75a

	Only one part of seed coat was blocked
	The micropylar region was blocked (B)
	16.63±0.44a 
	21.82±0.70b 

	
	The opposite end of micropylar region was blocked (C)
	15.99±1.43a 
	22.50±0.65b

	
	The middle part of seed coat was blocked (D)
	9.83±0.34b
	14.63±0.11c

	Two parts of seed coat were blocked
	Only the middle part of seed coat was unblocked (E)
	11.63±0.098c
	19.69±0.22d

	
	Only the opposite end of micropylar region was unblocked (F)
	5.40±0.133d
	10.40±0.02e 

	
	Only the micropylar region was unblocked (G)
	8.58±0.076b
	12.42±0.23f 

	
	The whole seed coats were blocked (H)
	0.63±0.015e
	1.14±0.03g


* Numbers within a column followed by different letters are significantly different at P ≤ 0.05 according Duncan’s multiple range test. 

Figure legends 

FIG. 1 The anatomical structure of the S. sebiferum seed coat by SEM. A, B: seed coat surface (entire seeds); C: micropyle; D: longitudinal section of the seed; E: longitudinal section of the seed coat showing the cell lumen of macrosclereids; F: the micropylar region of the seed coat (longitudinal section); G: the middle part of the seed coat (longitudinal section); H: the opposite end to the micropylar region (longitudinal section); I: the protrusion of the opposite end of the micropylar region. Abbreviations used: Cu, cuticle; Pl, palisade; P, parenchyma; Pr, protrusion; Mr, micropyle; Cl, cell lumen.
FIG. 2 TTC reaction to show the main water pathway into S. sebiferum seeds. A: control group; B: the first red staining appeared at the middle part of the endosperm; C, D: the red staining expanded to the micropylar region and its opposite end.
FIG. 3 Water absorption curves after different blocking treatments.

FIG. 4 Water absorption curves of cracked and intact seeds of S. sebiferum
Figure 1..
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Figure 2.
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FIG. 2 TTC reaction to show the main water pathway into S. sebiferum seeds. A: control group; B: the first red staining appeared at the middle part of the endosperm; C, D: the red staining expanded to the micropylar region and its opposite end.
Figure 3.
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FIG. 3 Water absorption curves after different blocking treatments. Figure 4. 
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FIG. 4 Water absorption curves of cracked and intact seeds of S. sebiferum.
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