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The mechanism of water imbibition in Gleditsia sinensis seed

Abstract

Background: Water uptake is essential for seed germination. However, Gleditsia
sinensis seeds have a water-impermeable seed coat, which is beneficial for its
adaption to the environment, but prohibits its germination without treatment. This
feature may be associated with the structure of the seed coat. Thus, the aim of this
research was to identify and describe the initial water uptake site and water movement
and to determine the relationship between seed coat structure and water absorption.
Results: A water temperature of 80 °C was optimal to break the hardseededness of G.
sinensis seeds. Scanning electron microscopy (SEM) images revealed that the seed
coat consisted of a palisade layer and light line that can hinder water entry into the
seed. Also, a structure of vascular bundles existed in the 8hilar region. Hot water
treatment caused the tightly closed micropyle to open and the cavity beneath it
expanded; the layer of palisade cells in the lens was raised. The embryo dye-tracking

tests showed that the radicle tip was the initial region to be stained red. After staining
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for 24 h, the red-stained area on the vascular bundle side of cotyledon was more
extensive than that on the other side. Further studies by MRI maps indicated that the
micropyle was the initial site for water imbibition. Some water then migrated along
the space between the seed coat and the endosperm to the chalazal; simultaneously,
the rest of the water reached the embryonic axis and spread into cotyledons. The maps
of 20-24 h showed that water was unevenly distributed within the cotyledons in a way
that the edge parts were more hydrated than the center. Blocking tests showed that the
hilar region was the initial and an important region during seed imbibition. The
medial region and chalazal portion were capable of imbibing water when the hilar
region was blocked, but water absorption was later and slower than that through the
hilar region.

Conclusion: MRI technology provides a promising and non-invasive technique to
identify the water gap and the path of water movement in the seed. Combined with the
results of SEM, we can infer the relation between seed coat and its imbibition.

Key words: hardseededness; leguminous seeds; hot water treatment; micropyle; MRI
Background

Imbibition is the initial and most important stage of seed germination. Water is essential for the
resumption of metabolic activity in the seed for processing starch, proteins, enzymes, and other
macromolecules, which provide the necessary nutrients for germination. Therefore, the
permeability of the seed coat to water is critical for seed germination. However, in many species,
especially members of the Leguminosae, the structure of the seed coat hinders water absorption.

Many studies have been conducted on the mechanism of water absorption by Leguminosae seeds.
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Studying water uptake and distribution during the rapid initial uptake stage is essential to
understanding the process of seed germination [1]. A variety of methods, such as physically
blocking different regions of the seed or the dying test, can be used to identify the route of water
entry into the seed. However, these methods are destructive and cannot reflect the process of water
uptake in real time. Therefore, it is highly desirable to develop a non-invasive method for the
visualization of the initial water uptake site and tracking of water movement.

With scientific and technological advances, nuclear magnetic resonance (NMR) and magnetic
resonance imaging (MRI) have become powerful tools in the study of seed water absorption and
distribution in real time without damaging the seeds [2-4]. NMR enables detection of 'H protons,
which are present primarily in water in the seed, and visualization of their spatial distribution, thus
NMR spectrometry has been widely adopted as an analytical technique to provide visualized
internal water information in the seed [5]. In addition, MRI has been used successfully in research
on water uptake by seeds of Oryza sativa [6], Solanum tuberosum [7], Lupinus luteus [8], and
Tillia miqueliana [9]. Therefore, we deemed MRI to be the most appropriate technique for
studying seed imbibition.

Gleditsia sinensis (Caesalpiniaceae), also known as Chinese honeylocust, Taiwan tree, and
hanging knife tree, is an economically valuable, deciduous tree used for landscaping in most
regions of China. The wood is used for crafts and furniture, seed products are widely used in the
food, cosmetic, industrial manufacturing, and pesticide industries, and the root bark exhibits
anthelmintic and antifebrile properties.

The optimal method for G. sinensis propagation is by seeds, but the water-impermeable seed

coat hinders germination. To the best of our knowledge, the mechanism and anatomical
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characteristics of water absorption by G. sinensis seeds have not been investigated. Given the

importance of understanding the relationship between water absorption and germination, the aims

of this study were to describe the morphology and anatomy of the seed coat of G. sinensis, to

identify the initial water uptake site and water movement using three methods (a dye-tracking test,

MRI, and a blocking test), and to determine the relationship between seed structure and water

absorption.

Results

Comparison of water imbibition between cracked and intact seeds

The increase in water absorption of manually cracked and intact (nontreated) seeds during

imbibition was sigmoidal (Fig. 1). During the imbibition of cracked seeds, a rapid increase in

water absorption was observed until 36 h when it attained 142.0%. Thereafter the rate of

imbibition declined and the seed mass increased to 179.2% at 72 h and stabilized at 188.2% at 96

h. For the imbibition of intact seeds, water absorption attained 8.3% at 36 h and the rate of

imbibition was substantially slower than that of manually cracked seeds. The final water

absorption of intact seeds at 144 h was 30.3%, significantly lower than that of the cracked seeds

(188.2%). These results showed that the intact seed coat strongly prevented imbibition of G.

sinensis seeds.
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Fig. 1 Water absorption curves for intact and manually cracked Gleditsia sinensis seeds with duration of soaking.

Error bars represent the standard deviation.

Effect of hot water treatment on seed coat impermeability

The impact of water temperature on seed coat impermeability is summarized in Table 1. The
percentage of swollen seeds in the control group was 3.8%, which indicated that the hard seed coat
strongly inhibited water absorption. The hot water treatments increased the permeability of the
seed coat. With increase in water temperature, the percentage of swollen seeds increased
significantly. The swollen percentage in the 70, 80, and 90 °C treatments increased significantly to
38.6%, 82.8%, and 91.4%, respectively, but the difference between the 80 and 90 °C treatments
was not significant. The viability of the control seeds was 91.3%, which was higher than the
viabilities of 89.3% and 87.3% when the seeds were immersed in water at 70 and 80 °C,
respectively, but the differences in viabilities among these treatments and the control were
nonsignificant. The viability of seeds soaked in 90 °C water plummeted to 57.0%. Thus, high
water temperatures aided imbibition but an excessively high water temperature caused a degree of
damage to the seeds. In this experiment, water with an initial temperature of 80 °C was optimal to

break the seed coat impermeability of G. sinensis seeds.

Table 1 Effects of hot water treatments to break the seed coat impermeability on percentage of
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swollen seeds and viability of Gleditsia sinensis seeds

Swollen
Treatments Viability %
percentage %

CK 3.8+£2.1¢ 913+12a
70°C 38.6+4.5b 89.3£3.1a
80°C 82.8+3.0a 87.3£3.0a
90°C 914+54a 57.0+£1.0b

* Values (mean + SD) within a column followed by the same letter are not significantly different (Duncan’s

multiple range test, p < 0.05).

Ultramorphological characteristics of the seed coat

Stereomicroscopic observation revealed that the G. sinensis seed shape is oblong with a distinct

dorsoventral asymmetry. The hilar region is flat on one side of the seed and consists of the

micropyle, hilum, and lens, which are linearly aligned (Fig. 2A). The entire seed, especially the

micropyle and hilum, are covered with a thick layer of waxy substances (Fig. 2B), which can

prevent water absorption of the seeds. Observation of the longitudinal section revealed that the

embryo was encased by a thick nucellar-endosperm casing (Fig. 2C). The colloidal endosperm is

distributed unevenly in the seed, with higher concentrations in the dorsoventral regions and lower

concentrations in the two lateral sides, the radicle, and the chalazal region (Fig. 2D-F).
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Fig. 2 Structure of Gleditsia sinensis seeds viewed under a stereomicroscope. A. a complete seed; B. hilar region
of the seed; C. seed with seed coat partially removed; D. longitudinal section of the micropyle (sagittal plane); E.
transverse section in the medial region of the seed (transverse plane); F. longitudinal section of the seed (coronal

plane). EM, embryo; EN, endosperm; HI, hilum; LE, lens; MI, micropyle; RA, radicle.

SEM images of the seed coat surface revealed many intersecting vertical and horizontal cracks,

including in the hilar region (Fig. 3A-C). After breaking seed coat impermeability, an area of the

seed coat was detached at the lens (Fig. 3D). The seed coat cracks of permeable seeds were deeper

than those of the control, and internal tissues were observed through the cracks (Fig. 3C, D). No

other visible differences to the seed coat were observed between impermeable (control) and

permeable seeds.
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Fig. 3 SEM images of the ultramorphology of Gleditsia sinensis seeds. A. intact control seed (17x); B. hilar
region of a control seed (100x); C. micropylar region of a mature seed (300x); D. hilar region of a permeable seed

(100x). HI, hilum; LE, lens; MI, micropyle.

The anatomy of the seed coat can influence water imbibition. The seed coats in the three regions

of mature (Fig. 4A-E) and permeable (Fig. 4F-H) seeds were observed by SEM. The SEM images

illustrated that the majority of the seed coat, from the outer to the inner surfaces, consisted of the

cuticle, palisade layer, osteosclereids, and several layers of sclerenchymatous cells (Fig. 4A). The

cuticle is the outermost layer that limits water entry into the seed and was ~15 pm thick. The

palisade cell layer beneath the cuticle consisted of a single cell layer ~60 um in height. Between

the palisade layer and cuticle was a continuous light line (Fig. 4A, B). Internal to the palisade

layer was a layer of osteosclereid cells arranged perpendicular to the palisade cells. The

sclerenchymatous cell layer, located beneath the osteosclereids, was composed of multiple layers

of tightly packed cells. In addition to these four layers, an additional structure of a vascular bundle

extended from the hilar region to the lens, and continued beneath the sclerenchymatous cell layer

(Fig. 4B-D). In the micropyle, a weakly discernible marking line separated the palisade cells into

two parts (Fig. 4E, indicated by white arrow).

Hot water treatment caused the tightly closed micropyle to open (Fig. 4F) and the cavity under

the micropyle increased in size (Fig. 4C—G). In the middle parts of the sclerenchymatous some

layer of cells became more loosened than in the control, especially those away from the



147  micropylar side (Fig. 4C, F). A linear narrow channel which connected the lower side of the cavity

148  and the inside of the seed coat was found (indicated by green arrow, Fig. 4G). The cuticle layer

149  ruptured near the hilar region and the layer of palisade cells in the lens was raised (Fig. 4H).
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Fig. 4 SEM images of the longitudinal and transverse structure of Gleditsia sinensis seeds. A. transverse section
of the seed outside the hilar region (300x); B-D. longitudinal sections of mature seeds in the hilar region (80x,
200x%, and 200x, respectively); E. longitudinal section of mature seeds at the micropyle (400x); F-H. longitudinal
section of the seed in the hilar region (F), micropyle (G), and lens (H) after reduction in seed coat hardness
(magnification 50%, 150x, and 150x%, respectively). CU, cuticle; EN, endosperm; HI, hilum; LE, lens; LL, light line;

MI, micropyle; OS, osteosclereid layer; PL, palisade layer; SC, sclerenchymatous cell layer; VB, vascular bundle.

Tracking the imbibition pathway by TTC staining

Dye-tracking tests, such as TZ staining, can be used to locate the site of water entry into a seed

[11]. The principle of TZ staining is that the dehydrogenases responsible for the staining reduction

are only active in the living cells of imbibed seeds. When a colorless TTC solution is imbibed by

the seed, it will accept hydrogen from the dehydrogenases, producing a red, stable, and

non-diffusible substance. The non-imbibed tissues cannot stain red, even though the cells are

living, thus the color change in a viable seed distinguishes the tissues that have been imbibed.

As indicated by the control permeable seed (Fig. 5A), the embryo color before dying was

yellow. After 6 h of incubation in TTC solution, red staining was first observed at the tip of the

radicle (Fig. 5B). After staining for 12 h, the entire radicle and the right side of the adaxial

cotyledon (which is under the lens) were stained red, whereas the left side was not stained red (Fig.

5C). Subsequently, red staining expanded along each lateral side to the chalazal of the cotyledons

(Fig. 5D), and the red-stained area of the cotyledon on the hilar side (right side) was significantly

larger than that on the other side. At 48 h, the entire lateral region of the cotyledon was stained and
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the stain area gradually penetrated to the central axis of the cotyledon, but the majority of the
central cells of the cotyledon were unstained (Fig. SE). After sufficient imbibition, the radicle
elongated slightly and the entire embryo was stained red (Fig. 5SF). These results indicated that the
initial site of water absorption was the tip of the radicle. The direction of water migration in the
seeds was from the radicle towards the cotyledon apices along the lateral sides of the cotyledons.
Subsequently, water entered the central cells of the cotyledons. After 12 h, the first area of the
cotyledon to be stained was on the left side, but the red-stained area on the right side of the
cotyledon was more extensive than that on the left side after staining for 2448 h. This trend can

be explained by the presence of a vascular bundle on the side of the hilar region.

— 2mm B C
E F |

Fig. 5 TTC staining during imbibition of Gleditsia sinensis seeds. A. control seed; B. staining after 6 h; C.

D

staining after 12 h; D. staining after 24 h; E. staining after 48 h; F. staining after 72 h.

MRI analysis of water absorption

MRI provides an approach for non-invasive detection of the spatiotemporal distribution of water

during seed imbibition [2, 6, 12]. The principle is that MRI employs static magnetic fields and
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radio frequencies to obtain images of proton mobility in biological systems. With regard to the
grayscale map, the higher the density of 'H protons, the brighter the image [2]. During imbibition
the seed volume increased significantly, so 13-20 layers of the seeds at each stage were scanned
by MRI. And in this paper, for each stage we only showed two layers (coronal and sagittal plane)
of MRI images (Fig. 6). In the mature seed (0 h), the seed was presented as black (Fig. 6A, a)
which inferred that the water content or the hydrogen proton count was extremely low. After 4 h
imbibition, a bright spot at the cavity region under the micropyle appeared (Fig. 6b), which
suggested that the initial water absorption site was the micropyle. After imbibition for 8 h, the seed
coat of the hilar region was imbibed noticeably (Fig. 6C) and the bright area of the right side
(indicated by a yellow arrow) was larger and brighter than that on the left side. According to the
anatomy of the seed coat, we know the brighter parts are the narrow space between seed coat and
endosperm. Also, at this time the intersection of the radicle tip, the endosperm, and the cotyledon
became brighter (indicated by a red arrow). At 12 h, the intensity of water signal of the entire
radicle increased significantly. Meanwhile, the signal at the intersection of the endosperm and the
cotyledon was enhanced further. Therefore, for G. sinensis seeds, after water entered the seeds
through the micropyle, two water movement paths were found: migration along the space between
the seed coat and the endosperm to the chalazal (Path I); migration from the embryonic axis to the
cotyledons (Path II) with considerable swelling of the seeds. Up to 20 h, from Fig. 6E, we found in
the right side of the intersection between the endosperm and the cotyledons, the speed of water
movement was still significantly quicker than that of the other side since a bright signal was
observed in a larger area at the chalazal in the right side. From this map we also found that the

embryonic axis exhibited very strong signals, but water migration through Path II was far slower
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than that through Path I because most part of the cotyledon was black. At 24 h, the signals at the

intersection between endosperm and the cotyledons of both sides had arrived to the chalazal.

When the seed was imbibed for 48h, the plumule had been elongated as shown in the picture (Fig.

6g). In Fig. 6G, we can see the vascular clearly in the seed coat (indicated by a blue arrow) for the

exhibited bright signal. Before 48 h, the vascular should have exhibited a bright signal but we

were unable to confirm this phenomenon during scanning. After imbibition for 96 h (Fig. 6H, h),

water continued to enter into the cotyledons, and the cotyledons were brighter than before, but the

seed coat was still black.
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Fig. 6 Magnetic resonance imaging maps of mature Gleditsia sinensis seed (A, a) and seeds imbibing for 0, 4, 8,
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12, 20, 24, 48, and 96 h (B-H, b-h) in two sections, the capital letters represent the coronal planes and the

lowercase letters represent the sagittal planes.

Water absorption by blocking different regions of the seed

The water absorption rate in treatment I (seed coat surface was blocked and submergence in water

for 144 h) was 8.6%, which was considerably lower than that of the control (Fig. 7). Thus,

Vaseline™ effectively prevented seeds from absorbing water. Therefore, it was feasible to

determine water absorption in different regions of the G. sinensis seed coat by applying

Vaseline™ to block water uptake in specific regions.

The water uptake rate in treatment V (no blocking) was significantly higher than that of the

three blocking treatments throughout the imbibition period. At 8 h, seed water absorption in

treatment V attained 19.8%, which was significantly higher than that of treatment II (10.5%). The

increase in water absorption in treatments III and IV (2.1% and 1.5%, respectively) was

significantly lower than that of treatment II. These results indicated that the hilar region was the

initial site for water absorption. At up to 32 h, seeds of treatment V maintained the most water

absorbed of 130.4%. Absorption in treatment II also increased rapidly to 70.7%. The absorption

rates of treatments III and IV were 18.8% and 5.8%, respectively, which differed significantly.

Thus, the rate of water absorption in treatment III increased more rapidly than that of treatment I'V.

Therefore, after the initial main phase of water absorption in the hilar region, the medial region of

the seed began to uptake water, whereas little water was absorbed by the distal region. By 84 h,

the seeds in treatment V attained a plateau phase and the amount of water absorbed was 179.3%.

Seeds in treatment II attained the plateau phase at 144 h with water absorption of 179.9%, which

was similar to the final percentage observed for treatment V. Water absorption in treatments I1I

and IV attained 78.1% and 36.35%, respectively, at 144 h.
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For the blocking treatments II, III, and IV, the initial stages of significant water absorption
(when water absorption differed significantly from its former result) were at 8, 24, and 48 h,
respectively. The results all pointed to the fact that different regions of the seed played different

roles in the imbibition process.
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Fig. 7 Water absorption curves for different regions of Gleditsia sinensis seeds. Error bars represent the standard

deviation.

Discussion

Breaking physical dormancy of seeds by hot water treatment

Seeds of the majority of Leguminosae species show hardseededness, with the seed coat being the
main barrier for water uptake. Several methods, such as acid scarification, hot water treatment,
and mechanical scarification [13-15], can be used to break the hardness of the seeds of such
species. However, acid scarification can be environmentally detrimental and dangerous to the
experimenter. Normally, hot water treatment is an efficient method for breaking the hard seed coat
of some species and may be used effectively in propagation. For example, Patane et al. observed

that hot water treatment increased germination in Astragalus hamosus, and that a water
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temperature exceeding 80 °C was lethal to seeds [16]. In the present experiment, the optimal

treatment to break the seed coat impermeability of G. sinensis seeds was soaking in water at an

initial temperature of 80 °C for 5 min. It was also concluded that seed viability was sensitive to

water temperature. Kang proposed that 100 °C hot water treatment was the optimal temperature to

break hardseededness and the seed still showed a high germination rate [17]. However, in the

present study, 90 °C treatment reduced seed viability to 57.0%.

Seed coat structure and its relation to water absorption

Stereomicroscopic observation revealed that the entire seed coat of G. sinensis was covered with

waxy substances that may prevent water from entering the seeds. The hilum region of mature G.

sinensis seeds was coated with a thicker layer of wax and the micropyle was sealed. These

characteristics may be responsible for the impermeability of the seed coat. After hot water

treatment, SEM images showed that the wax in the hilum region was reduced or disappeared. The

micropyle was opened and cracks in the seed coat were wider and deeper (Fig. 4E), and the cuticle

in the hilar region was ruptured. These structural changes may improve the permeability for seed

imbibition. An interesting phenomenon observed in the present study was that a large piece of the

seed coat at the lens had detached and the layer of palisade cells at the lens was raised (Fig. 4F).

Although the degree of damage to the lens was more severe than that to the micropyle, MRI maps

showed that the lens of G. sinensis seeds was not the first site to imbibe water. Thus, we could not

identify the water-gap from morphological changes by itself in the seed coat after physical

dormancy was broken.

Structural studies of impermeable seeds are important to better understand the causes and

suitable dormancy release methods when subjected to treatments for dormancy release [18,19].
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Previous research has shown that water impermeability is due to the palisade layer [20].

According to Geisler et al. [21], resistance to water absorption by Leguminosae seeds is primarily

due to water-impermeable substances in the palisade cells. Baskin [22] stated that the heavily

lignified cell walls in the palisade layer may also render the seed impermeable to water. In some

species, the palisade layer of the seed coat contains a light line, which is comprised of a high

concentration of callose, a water-repellent substance that also contributes to seed coat

impermeability [21-23]. Therefore, the presence of the palisade layer and the light line may be

associated with the hardseededness and impermeability of the seed coat of G. sinensis.

In the present study, a vascular bundle, a distinctive structure in Leguminosae seeds, was

observed in G. sinensis seeds that connected the hilum to the lens. de Paula et al. [24] concluded

that the vascular bundle was associated with movement of water in Senna macranthera seeds. A

vascular bundle was also reported in seeds of Lupinus luteus [8] and S. multijuga [19]. From the

maps of anatomy, it can be speculated that some other structures are also beneficial for water

migration within permeable seed. For example the sclerenchymatous cells becomes loose in the

left side of the seed around the micropyle. Between the lower side of the micropyle cavity and the

inner seed coat, a linear channel exists, which may be helpful for water enter into radicle.

Location of water entry and the pathway of water movement in the seeds after reduction of

seed coat hardness

Dye-tracking experiments like the TZ test have been used to identify the migration of water in the

seeds of some plants. In this study we found that the radicle was the first region to stain red. The

radicle is adjacent to the micropyle, therefore we suspected that the initial imbibition site of G.

sinensis seeds was the micropyle. However, owing to methodological limitations, water movement
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in the seed coat and endosperm cannot be assessed directly. A fundamental basis of the TZ test is

that only living cells can stain red. The seed coat and colloidal substances of the endosperm

cannot stain, thus water movement in the seed coat and endosperm could not be detected. In

addition, this method is labor-intensive, time-consuming, destructive, and requires monitoring

several seeds to allow for variation among seeds.

The MRI technique, which is a non-destructive, real-time visualization technology, effectively

overcomes the aforementioned shortcomings by acquiring spatial and proton mobility information

in biological systems [25]. The technology has been widely used to study seed imbibition [8,

26-28]. In the present research, the MRI maps acquired at 4 h imbibition (Fig. 6-b) clearly

indicated that the micropyle was the initial site for water absorption in the G. sinensis seed. This

finding confirmed that our hypothesis based on the TZ staining was correct. de Paula et al. [24]

reported that water entered thermally scarified seeds of Cassia leptophylla through the micropylar

canal. However, in scarified Erythrina speciosa seeds, water first entered the seed through the

hilum [29,30], and Jaganathan et al. [30] confirmed that water entered seeds only through the lens

in Delonix regia. These results indicated that the primary site of water entry into seeds after

permeabilization of the seed coat varied among species.

The MRI maps also enabled us to determine water movement in G. sinensis seeds. When water

entered into the seed, the signal strength was enhanced gradually. The scanner maps at 8 h

indicated that water entered into the seed from the micropyle, was stored in the cavity, then

migrated through the narrow channel indicated by the green arrow in Fig 4G, and finally split

along two paths where some water migrated along the Path I to the chalazal region and the other

water reached the embryonic axis and spread into the cotyledons through Path II.
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MRI and TZ test showed that water migration in the hilar side was faster than on the other side
of the seed (Fig. 5, 6D). These findings clearly certified that the vascular bundle is an important
structure for water movement. In addition to the seed coat and embryo, G. sinensis seeds contain a
colloidal endosperm which is composed predominantly of galactomannan [31]. The MRI maps at
24 h revealed that the bright signal of 'H protons in the endosperm had reached the chalazal region,
but nearly half of the cotyledons did not exhibit water signal. Thus, the endosperm may prevent
water from entering the seed and hinder the early imbibition process.

The quantitative results of the blocking experiment confirmed that the hilar region played an
important role in imbibition by water absorption during the initial 8 h. Based on the results in
treatment III and IV, the medial region and the bottom of the chalazal region also showed
capability for imbibition at 144 h, however, water absorption was substantially less than that of the
hilum region. In G. sinensis seeds, the micropyle, hilum, and lens are in overly close proximity to
differentiate with the naked eye and reliably block them individually. From the presently applied
methods we can conclude that initial imbibition occurred in the hilar region, but we were unable to
quantify which structure was the primary water-gap for water absorption.

Three methods of identification of the route of water entry into seeds of G. sinensis seeds were
used in this study, however, none of these studies clearly documented water movement in the seed
coat, and thus further study is required.

Conclusion
In our study we found that 80 °C water was optimal to break hardseededness of G. sinensis, which
is an effective and convenient method. SEM images revealed that the palisade layer and light line

in the seed coat can hinder water entry into the seed. When hardseededness was broken, the
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micropyle was the initial site for water imbibition. Water entered the seed through the micropylar

cavity, then migrated through the narrow channel, and finally separated into two paths where some

water migrated along Path I, and the other water migrated along Path II. By the quantitative results

of the blocking experiment, we inferred that the medial region and chalazal portion were capable

of imbibing water when the hilar region was blocked in nature, but water absorption occurred later

and was slower than that through the hilar region. Combined with other studies we can conclude

the relation between seed coat structure and water imbibition. Furthermore, MRI can provide a

non-destructive, real-time visualization technology for seed science.

Materials and methods

Plant material

Gleditsia sinensis seeds were collected from Yan’an City, Shaanxi Province, China. The seeds

were soaked in water to separate empty and insect-damaged seeds. The remaining seeds were

dried at room temperature and stored at 4 °C. The weight of 1000 seeds were 186.06 g and the

viability was 93%.

Water absorption curves

Water absorption was calculated for intact and cracked (slit at the bottom of the cotyledons) seeds

and plotted to compare water absorption between the two treatments. Three replicates of 30 seeds

were used for each treatment. Seeds in each treatment were weighed initially to the nearest 0.001 g

(m) and immersed in water in a beaker. The seeds were removed from the beaker, wiped with

absorbent paper to remove excess water on the seed surface, weighed (m) and returned to the

beaker. This process was repeated at 12 h intervals up to 48 h and then at 24 h intervals until the



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

plateau phase was attained. This experiment was conducted at room temperature. The equation

used to calculate water absorption was as follows:

ml_m

Absorption (%) = x 100

where m and m; represent the seed mass (in grams) before and after soaking in water, respectively.

Breaking the seed coat impermeability

To break the impermeability of the seed coat, seeds were treated by immersion in a beaker of

water placed in a heat bath maintained at 70, 80, or 90 °C for 5 min. After treatment, the beaker

was cooled to room temperature and the seeds soaked for 24 h. The control seeds were soaked in

water at room temperature for 24 h. In this experiment, the treatments were applied with four

replicates of 100 seeds each. The treatment efficacy was evaluated by recording the percentage of

swollen seeds and the seed viability, which was determined using the tetrazolium (TZ) test. For

the viability test, imbibed seeds were used; hard-coated seeds needed to be mechanically cut at the

bottom of the cotyledons to make the seeds permeable. The entire seed coat was removed and the

embryo was excised. Subsequently, the embryos were stained in 0.5% 2,3,5-triphenyltetrazolium

chloride (TTC) at 35 °C in the dark for 5 h. After staining, the viability of the seeds was

determined in accordance with the International Seed Testing Association rules [10].

Observation of seed coat surface and anatomy

The seed coat surface was observed under a stereomicroscope (SZX16, Olympus, Tokyo, Japan)

to determine its ultramorphological features, including the surface characteristics of the seed coat,

longitudinal sections through the lens and micropyle, and transverse section through the medial

region of the seed. A scanning electron microscope (Quanta 200, FEI, Portland, OR, USA) was

used to observe the microstructure of the seed coat, especially in the hilar region. Nontreated seeds
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(control) and permeable seeds (soaked in 80 °C water for 5 min, which was the optimal treatment

to break seed coat impermeability in the preceding experiment) were sampled and the seed coat

surface, transverse sections, and longitudinal sections of the seeds were prepared by cutting

through the hilum region. The samples were first fixed with formaldehyde—acetic acid—alcohol

solution, then dried by critical-point drying. Small blocks of the specimens (about 3 mm in length)

were observed under the SEM operated at 15 and 20 kV at 0.45-0.68 Torr.

Dye-tracking of imbibition pathway

Staining with TTC was used for a dye-tracking experiment to trace the movement of water

through the permeable seed coat (treated with 80 °C water for 5 min) during imbibition. In this

experiment, 80 permeable seeds were placed in 0.5% TTC solution and incubated at 35 °C in the

dark. Ten seeds were removed from the solution at 6 h intervals and rinsed with tap water. The

seed coat and endosperm (which are not dyed red for they are not living tissues) were removed to

observe the stain intensity of the embryo and identify the seed imbibition pathway. This procedure

was continued until the embryos had been stained completely.

MRI measurement of water absorption

The MRI analysis was conducted using a high-field NMR analyzer (PharmaScan, Bruker Biospin

GmbH, Germany) equipped with a 38-mm-volume coil and 7.0 T permanent magnet

corresponding to a proton resonance frequency of 300.337 MHz at 22 + 1 °C. The first scan was

performed on a nontreated seed. The seed was then soaked in 80 °C water for 5 min. The NMR

scans were performed after 0, 4, 8, 12, 20, 24, 48 and 96 h. The seed The images were recorded in

two planes. Anatomical images were captured with a turbo-rapid acquisition relaxation

enhancement (RARE) PD-weighted sequence (repetition time (TR)/echo time (TE) = 2345.5/13
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ms, slices = 20, field of view (FOV) = 2.8 x 2.8 cm, number of averages = 20, matrix = 256 x 256,
slice thickness/gap = 0.4/0 mm, flip angle = 180°), scan time = 13 min, and pixel resolution = 109
um. ImageJ was adopted to obtain the MR image slices from the raw data.

Water uptake by blocking different seed regions

To measure the water absorption capability of different regions of the seed (Fig. 9), Vaseline™
was used to make the permeable seed coat partially impermeable and the water absorption was
quantified by determining the changes in weight. In this experiment, the seeds were first soaked in
80 °C water for 5 min to break the seed coat impermeability, then four replicates of 30 seeds each
were weighed to determine the initial seed weight. Subsequently, Vaseline™ was used to partially
block the seed coat in the following four treatments as listed in Table 2. No Vaseline™ was
applied to the control seeds. After treatment, all seeds were soaked in 150 mL distilled water at
room temperature. At 8 h intervals, the soaked seeds were removed from the water and wiped to
remove exterior water and the Vaseline™ completely. The samples were weighed as before.
Vaseline™ was then reapplied to the same original region (except the control seeds) and returned

to the water. This process was repeated until 144 h (when the control group attained saturation).

MI

HI
LE ?L\ A
)

©

\_/@

Fig. 9 Schematic diagram of Gleditsia sinensis seed regions. The seed was divided into three regions: the hilar
region including the hilum, micropyle, and lens@), the medial region®), and the chalazal region (apex of the

cotyledons in the seed)®), HI, hilum; LE, lens; MI, micropyle.

Table 2 Treatments to block water uptake in three regions of Gleditsia sinensis seeds
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NO. Treatments

I Blocking the entire seed

I Blocking the seed except region (D
I Blocking the seed except region 2
v Blocking the seed except region 3
A% No blocking treatment (control)

Statistical analysis

For each assay, the summary statistics for the data are presented as the mean =+ standard error (SE).

Duncan’s multiple range test, as implemented in IBM SPSS Statistics 19.0 software (IBM,

Armonk, NY, USA) was used for all data analyses, with p < 0.05 applied as the threshold

significance level. Data were plotted using Origin 8.5 software (OriginLab Corporation,

Northampton, MA, USA). The MRI images were examined using OsiriX Lite 7.0.4 software

(Pixmeo, Geneva, Switzerland).

Acknowledgements

We thank Robert McKenzie, PhD, from Liwen Bianji, Edanz Group China (www.liwenbianji.cn/

ac), for editing the English text of a draft of this manuscript.

Funding

This project was funded by the Province Graduate Research and Practice Innovation of Jiangsu for

the project ‘Study on the seed coat structure and the water absorption characteristics of Sophora

Japonica Linn.” (KYCX18-0958).

Authors’ contributions

S.L., TY., S.D., and M.Z. designed the experiments; S.D. and M.Z. performed the experiments;



444

445

446

447

448

449

450

451

452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482

S.D., M.Z. and Q.M. analyzed the data; M.Z. wrote the manuscript; S.L. modified the manuscript.

Availability of data and materials

Not applicable.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare that they have no competing interests.

References

1.
2.

10.
11.

12.

13.

Bewley JD, Black M. Seed Development and Maturation. Springer US. 1994.

Borisjuk L, Rolletschek H, Neuberger T. Surveying the plant's world by magnetic resonance
imaging. Plant Journal. 2012; 70: 129-46.

Terskikh VV, Feurtado JA, Ren CW, Abrams SR, Kermode AR. Water uptake and oil
distribution during imbibition of seeds of western white pine (Pinus monticola Dougl. ex D.
Don) monitored in vivo using magnetic resonance imaging. Planta. 2005; 221: 17-27.

Ishida N, Koizumi M, Kano H. The NMR Microscope: a unique and promising tool for plant
science. Annals of Botany. 2000; 86: 259-78.

Mansfield P, Morris PG. NMR imaging in biomedicine. New York: Academic Press. 1982;
53:167.

Horigane AK, Takahashi H, Maruyama S, Ken’ichi Ohtsubo, Yoshida M. Water penetration
into rice grains during soaking observed by gradient echo magnetic resonance imaging.
Journal of Cereal science. 2006; 44: 307-16.

Manz B, Muller K, Kucera B, Volke F, Leubnermetzger G. Water Uptake and Distribution in
Germinating Tobacco Seeds Investigated in Vivo by Nuclear Magnetic Resonance Imaging.
Plant Physiology. 2005; 138: 1538-51.

Garnczarska M, Zalewski T, Kempka M. Water uptake and distribution in germinating lupine
seeds studied by magnetic resonance imaging and NMR spectroscopy. Physiologia Plantarum.
2007; 130: 23-32.

Wu Y, Shen YB. Seed Coat Structural and Permeability Properties of Tilia miqueliana Seeds.
Journal of Plant Growth Regulation. 2020(2).

Association, I.S.T.J.S.S. and Technology, International rules for seed testing. 2011.
Serratovalenti G, Cornara L, Ferrando M, Modenesil P. Structural and histochemical features
of Stylosanthes scabra (Leguminosae: Papilionoideae) seed coat as related to water entry.
Canadian Journal of Botany. 1993;71: 834-40.

Terskikh V, Muller K, Kermode AR, Leubnermetzger G. In vivo 'H-NMR microimaging
during seed imbibition, germination, and early growth. Methods in Molecular Biology. 2001;
773:319-27.

Perez-Garcia F. Germination characteristics and intrapopulation variation in carob (Ceratonia



483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

siliqua L.) seeds. Spanish Journal of Agricultural. 2009;7: 398-406.

Zare S, Tavili A, Darini MJ. Effects of different treatments on seed germination and breaking
seed dormancy of Prosopis koelziana and Prosopis Juliflora. Journal of Forestry Research.
2011; 22: 35-8.

Galindez G, Ortega-Baes P, Seal, CE, Daws MI, Scopel AL, Pritchard, H. W. Physical seed
dormancy in Collaea argentina (Fabaceae) and Abutilon pauciflorum (Malvaceae) after 4
years storage. Seed Science and Technology. 2010; 38: 777-82.

Patane C, Gresta F. Germination of Astragalus hamosus and Medicago orbicularis as
affected by seed-coat dormancy breaking techniques. Journal of Arid Environments. 2006; 67:
165-73.

Kang MP. Germination test of Gleditsia sinensis seeds. SciTech Information Development
Economy. 2009; 019: 148-49.

Kelly KM, Van SJ, Bell WE. Seed coat structure and dormancy. Plant Growth Regulation.
1992; 11: 201-209.

Rodrigues-Junior AG, Faria JMR, Vaz TAA, Nakamura AT, José AC. Physical dormancy in
Senna multijuga (Fabaceae: Caesalpinioideae) seeds: the role of seed structures in water
uptake. Seed Science Research. 2014; 24:147-57.

Baskin JM, Baskin CC, Li X. Taxonomy, anatomy and evolution of physical dormancy. Plant
Species Biology. 2000; 15: 13-52.

Geisler GE, Pinto TT, Santos M, Paulilo MTS. Seed structures in water uptake, dormancy
release, and germination of two tropical forest Fabaceae species with physically dormant
seeds. Brazilian Journal of Botany. 2017; 40: 67-77.

Baskin CC, Baskin JM. Seeds: Ecology, Biogeography, and Evolution of Dormancy and
Germination 2nd ed. Crop Science. 2014; 40: 564.

Rodrigues-Junior AG, Faria JMR, Vaz TAA, Nakamura AT, José AC. Physical dormancy in
Senna multijuga (Fabaceae: Caesalpinioideae) seeds: the role of seed structures in water
uptake. Seed Science Research. 2014; 24: 147-57.

de Paula AS, Delgado CML, Paulilo MTS, Santos M. Breaking physical dormancy of Cassia
leptophylla and Senna macranthera (Fabaceae: Caesalpinioideae) seeds: water absorption
and alternating temperatures. Seed Science Research. 2012; 22: 259-67.

Borisjuk L, Rolletschek H, Fuchs J, Melkus G, Neuberger T. Low and high field magnetic
resonance for in vivo analysis of seeds. Materials. 2011; 4: 1426-39.

Koizumi M, Kikuchi K, Isobe S, Ishida N, Naito S, Kano H. Role of seed coat in imbibing
soybean seeds observed by micro-magnetic resonance imaging. Annals of Botany. 2008; 102:
343-52.

Kikuchi K, Koizumi M, Ishida N, Kano H. Water uptake by dry beans observed by
micro-magnetic resonance imaging. Annals of Botany. 2006; 98: 545-53.

Mikac U, Sepe A, SerSa I. MR microscopy for noninvasive detection of water distribution
during soaking and cooking in the common bean. Magnetic Resonance Imaging. 2015; 33:
336-45.

Delgado CML, de Paula AS, Santos M, Paulilo MTS. Dormancy-breaking requirements of
Sophora tomentosa and Erythrina speciosa (Fabaceae) seeds. Revista De Biologia Tropical.
2015; 63: 285-94.

Jaganathan GK, Wu GR, Han YY, Liu BL. Role of the lens in controlling physical dormancy



527
528
529
530

31.

break and germination of Delonix regia (Fabaceae: Caesalpinioideae). Plant Biology. 2016;
19: 53-60.

Jiang JX, An XN, Zhu LW, Zhang WM. Studies on contents and gum from seeds of Gleditsia
sinensis Lam. Chemistry and Industry of Forest Products. 2003; 27: 41-44.



Figures

180 =

160 -
- Cracked seed
140 4

’ Intact seed

120 =
100

80 1

Water absoration (%)

60 -
40

20 4

0 20 40 60 30 100 120 140
Soaking time (h)
Figure 1

Water absorption curves for intact and manually cracked Gleditsia sinensis seeds with duration of
soaking. Error bars represent the standard deviation.



Figure 2

Structure of Gleditsia sinensis seeds viewed under a stereomicroscope. A. a complete seed; B. hilar region
of the seed; C. seed with seed coat partially removed; D. longitudinal section of the micropyle
(sagittalplane); E. transverse section in themedial region of the seed(transverseplane); F.longitudinal
section of the seed(coronal plane). EM, embryo; EN, endosperm; Hl, hilum; LE, lens; MI, micropyle; RA,
radicle.



Figure 3

SEM images of the ultramorphology of Gleditsia sinensis seeds. A. intact control seed (17x); B. hilar
region of a control seed (100x); C. micropylar region of a matureseed (300x);D. hilar region of a
permeable seed (100x). HI, hilum; LE, lens; MI, micropyle.



Figure 4

SEM imagesof the longitudinal and transverse structure of Gleditsia sinensis seeds. A. transverse section
of the seed out side the hilar region (300x); B-D. longitudinal sections of matureseeds in the hilar
region(80x, 200x%, and 200x,respectively); E. longitudinal section of matureseeds at themicropyle (400x);
F—H. longitudinal section of theseed in the hilarregion(F),micropyle(G),and lens (H) after reduction in seed
coat hardness (magnification 50x%, 150%, and 150x, respectively).CU, cuticle; EN, endosperm; HI, hilum; LE,



lens; LL, light line; MI, micropyle; OS, osteosclereid layer; PL, palisade layer; SC, sclerenchymatous cell

layer; VB, vascularbundle.
B B
E F |

TTC staining during imbibition of Gleditsia sinensisseeds. A. control seed; B. staining after 6 h; C. staining
after 12 h; D. staining after 24 h; E. staining after 48 h; F. staining after 72 h.
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Figure 5
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Figure 6

Magnetic resonance imaging maps of matureGleditsia sinensisseed (A, a) and seeds imbibing for 0, 4, 8,
12, 20, 24, 48, and 96h(B-H, b-h) in twosections, the capital letters representthe coronal planes and the
lowercase letters representthesagittal planes.
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Figure 7

Water absorption curves for different regions of Gleditsia sinensis seeds. Error bars represent the
standard deviation.



Figure 8

Schematic diagram of Gleditsiasinensisseed regions. The seed was divided into three regions: the hilar
region including the hilum, micropyle, and lenskl, the medial regionl, and the chalazal region (apex of the
cotyledons in the seed),HI, hilum; LE, lens; MI, micropyle.



