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Abstract

Background: Endosperm is a triploid tissue in seed resulting from a sperm nucleus fused with the binucleate central
cell after double fertilization. Endosperm may be involved in metabolite production, solute transport, nutrient storage,
and germination. In the legume family (Fabaceae), with the greatest number of domesticated crops, approximately
60% of genera contain well-differentiated endosperm in mature seeds. Soybean seeds, the most important legume
crop in the worlds, have endosperm surrounding embryos during all stages of seed development. However, the func-
tion of soybean endosperm is still unknown.

Results: Flow cytometry assay confirmed that soybean endosperm was triploid. Cytobiological observation showed
that soybean endosperm cells were alive with zigzag-shape cell wall. Soybean endosperm cells allowed fusion pro-
teins (42 kDa) to move from bombarded cells to adjacent unbombarded-cells. Such movement is not simple diffusion
because the fusion proteins failed to move into dead cells. We used symplastic tracers to test the transport potential
of soybean endosperm. Small organic dye and low-molecular-weight symplastic tracers revealed fast symplastic
transport. After a treatment of an inhibitor of ATPase, N,N'-dicyclohexylcarbodiimide (DCCD), symplastic transport was
blocked, but all tracers still showed fast apolopastic transport. The transport speed of 8-hydroxypyrene-1,3,6-trisul-
fonic acid in endosperm was 1.5 to 3 times faster than in cotyledon cells or Arabidopsis embryos.

Conclusions: Soybean endosperm is a membrane-like, semi-transparent, and fully active tissue located between the
seed coat and cotyledon. Soybean endosperm cells allowed macromolecules to move fast via plasmodesmata trans-
port. The size exclusion limit is larger for soybean endosperm cells than its cotyledon or even Arabidopsis embryo
cells. Soybean endosperm may be involved in fast and horizontal transport during the mid-developmental stage of
seeds.
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Background

Endosperm is the tissue that is formed from double fer-
tilization in flowering plant seeds, the process whereby
a sperm nucleus fuses with the binucleate central cell.
Seeds of approximately 70% flowering plants have
endosperm cells (Brown and Lemmon 2007), most of
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and indicate if changes were made.

them are triploidy. However, several plant families, such
as Oenograceae, Cabombaceae, and Illiciaceae, form
diploid endosperm originating from a central cell with
only one polar nucleus (Williams and Friedman 2002).
Depending on the species, endosperm can be (1) absent
(e.g., Podostemonaceae), (2) short-lived (e.g., Orchi-
daceae), (3) absorbed by the developing embryo, such as
Arabidopsis, pea (Pisum sativum), and mongo (Mangif-
era indica), or (4) maintained in mature seeds, such as
cereals, Medicago truncatula, and soybean (see review
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in Baroux et al. 2002). Seeds with fully differentiated
endosperm in the maturation stage are called albumi-
nous. In dicot albuminous seeds, endosperm may be
involved in metabolite production, solute transport,
and accumulation in the embryo (Melkus et al. 2009).
In monocot albuminous seeds, including all cereals,
endosperm usually represents a large amount of the seed
volume and plays important roles in nutrient storage and
germination (Baroux et al. 2002; Brown and Lemmon
2007).

The legume family (Fabaceae) has the greatest number
of domesticated crops from 41 species (Harlan 1992).
Because such seeds provide high-quality protein and oils
for human food or livestock feed, the seed structure and
function are important issues in agriculture. Generally,
legume seeds have relatively uniform structures, such as
seed coat, embryo, and cotyledons. However, the pres-
ence, amount, and functions of endosperm in mature
legume seeds are diverse. In some species, including sev-
eral important crops such as pea, faba bean (Vicia faba),
chickpea (Cicer arietinum), common bean (Phaseolus
vulgaris), and cowpea (Vigna unguiculata), endosperm
forms at the early developmental stage but is fully
absorbed and obliterated during embryo enlargement
and is characteristically absent in mature seeds (Yeung
and Cavey 1988; Goldberg et al. 1994). In contrast to spe-
cies with absent endosperm, more than 450 genera in the
legume family maintain well-developed endosperm in
mature seeds (Kirkbridge et al. 2003), with the propor-
tion of endosperm representing from 1 to 60% of the seed
size (Anderson 1949). For some genera such as fenugreek
(Trigonella foenum—graecum), crimson clover (Trifolium
incarnatum) and lucerne (Medicago sativa), endosperm
has a thick structure and functions as storage tissue (Reid
and Meier 1972; McClendon et al. 1976; Reid and Bewley
1979). In some other genera, such as soybean, M. trunca-
tula, and Trifolium repens, endosperm tissues remain as
a continuous thin layer of living cells and surround the
embryo. The structures of legume endosperm are diverse,
and part of their functions are still unknown (Thorne
1981; Jakobsen et al. 1994; Ma et al. 2004; Bolingue et al.
2010).

Because of no direct connection between mater-
nal seed coat and fatal embryo (Thorne 1981), post-
phloem transport is very important in solute movement
inside the seed. To understand the transport pathway,
organic or fluorescent tracers provide an in vivo way to
observe transport pathways of tissues at a microscopic
scale (Barnabas 1994). Methylene blue is commonly
used to stain the nucleus and cytoplasm of eukaryotic
cells, and the staining could be prevented by inhibit-
ing ATPase (Kiernan 1974). In plant cells, methylene
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blue has also been used to stain the cell wall and show
long-distance movement via plasmodesmata transport
(Scarth 1926; Wolk 1973). A small symplastic tracer,
8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS, 0.5 kDa),
has the characteristics of stability, non-toxicity, and
membrane-impermeable (Zhujun and Seitz 1984). Flu-
orescein isothiocyanate (FITC)-dextran is used as a
fluorescent high-molecular-weight probe to study cell
processes such as cell permeability, endocytosis, and
biomolecular delivery (Cole et al. 1990). Previous work
also suggested that ATPase inhibitors, such as N,N'-
dicyclohexylcarbodiimide (DCCD), prevented the uptake
of FITC-dextran in yeast (Saccharomyces cerevisiae) and
animal cells (Makarow and Nevalainen 1987; Fuchs et al.
1989; Anbari et al. 1994). DCCD had been demonstrated
to prevent NTP hydrolysis and inhibited delta pH forma-
tion (Ugurbil et al. 1978). The possible mechanism might
be that DCCD changed the conformation of ATPase and
thus impaired the function of catalytic sites (Penefsky
1985).

Previous studies had been demonstrated that several
proteins performed the cell-to-cell movement via plas-
modesmata (Noueiry et al. 1994). To clearly trace protein
movement, GFP and its fusion proteins had been used
for plasmodesmata-mediated symplastic transport analy-
sis. Those results suggested that plasmodesmata had size
exclusion limit (SEL) depending on the cell types (Lucas
1999). For example, only 27-kDa GFP but not larger
GEFP fusion proteins (37 to 67 kDa) moved symplasti-
cally among Arabidopsis root tip cells (Meyer et al. 2004;
Hoth et al. 2005; Stadler et al. 2005a, b). Phloem sap of
pumpkin (Cucurbita maxima) allowed 20-40 kDa pro-
teins transport via plasmodesmata (Balachandran et al.
1997; Lucas 1999). Hence, SEL of plasmodesmata-medi-
ated protein movement was below 40 kDa (Stadler et al.
2005a; Yadav et al. 2014). GmPM1I6 is a soybean LEA 4
gene encoding a basic and small hydrophilic LEA protein.
We previously used this protein for several cytological,
biological, and structural studies (Shih et al. 2004, 2008,
2012). GmPM16 gene is highly expressed in maturing
seeds but is not responsive to abiotic stress treatment in
vegetative tissues (Shih et al. 2004). The encoded proteins
of GmPM16 gene might play the roles of molecular chap-
erone during drying (Shih et al. 2004, 2008).

Soybean is one of important legume crops in the world.
More than 300 million tons per year of soybean seeds are
produced for food and industry (FAOSTAT, http://www.
fao.org/faostat/). Although soybean seeds are impor-
tant in agriculture and industry, there is little research
focusing on its endosperm cells. In the current study,
we examined soybean endosperm and found that it is
a membrane-like tissue and surrounds the embryonic
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structures. Endosperm is observed as a single layer of liv-
ing cells located between seed coat and cotyledon. These
results led us to investigate the transport ability of soy-
bean endosperm. To test the ability, we used GmPM16
fusion protein (42 kDa) and several fluorescent symplas-
tic tracers (0.5 to 70 kDa) to measure the transport limits
of endosperm cells. We reveal that soybean endosperm
may facilitate large protein and fluorescent dye molecule
movement among cells. The organic and small fluores-
cent dyes showed fast cell-to-cell movement. Therefore,
our results suggest that soybean endosperm may mediate
solution transport in soybean, with fast horizontal sym-
plastic and apoplastic movement.

Methods

Plant materials

Seeds of the soybean variety Shi-shi were kindly provided
by the Kaohsiung Agricultural Research and Extension
Station (Pingtung, Taiwan). Plants were grown under
field conditions at the Academia Sinica campus with nat-
ural light and photoperiod. Seeds were harvested at mid-
development stage, 35 days after flowering (DAF).

Ploidy estimation

Ploidy of soybean endosperm was estimated by as
described by Dolezel and Bartos (2005) with modifica-
tion. Briefly, nuclei of endosperm and leaf were released
into a nuclei isolation buffer (50 mM glucose, 15 mM
KCl, 15 mM NaCl, 5 mM EDTA, 50 mM sodium cit-
rate, 0.5% (v/v) Tween 20, 50 mm HEPES, 0.5% (v/v)
[-mercaptoethanol, pH 7.2) by mechanical homogeniza-
tion before use. Extracted nuclei were was stained with
CyStain PI absolute P (Partec, Germany) before analysis
by flow cytometry (MoFlo XDP Cell Sorter, Beckman,
USA) with laser excitation at 357 nm.

Cryo-scanning electron microscopy (cryo-SEM)

Cryo-SEM observation was as described by Thorne
(1981) with modification. Fresh developing soybean
seeds were rapidly frozen in liquid nitrogen and were
coated with gold in a vacuum (0.2 kPa, 3 min, ionization
current 2 mA) before observation. The sample was ana-
lyzed by Philip FEI Quanta 200 SEM (The Netherlands)
with the cryo system Quorum PP2000TR FEI at an accel-
erating voltage of 10 kV and a working distance of 15 mm
and temperature < — 130 °C.

Confocal microscopy

Confocal microscopic observation was as described
by Musielak et al. (2015) with modification. A 200-ug
amount of propidium iodide (PI) (Sigma-Aldrich, USA)
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was freshly dissolved in 10 ml phosphate buffered saline
before use. Endosperm tissues were soaked in PI solu-
tion, and images were obtained within 30 min under
a Zeiss 510 meta laser-scanning confocal microscope
(Carl Zeiss Microlmaging GmbH, Jena, Germany) with
910/0.45 air or 963/1.2 water immersion objectives. The
emission spectra were recorded between 370 and 650 nm
by using a Jasco 6500 Fluorometer with excitation wave-
length 350 nm.

Plasmid construction

Cloning was performed essentially as described (Sam-
brook and Russell 2001). The modified plasmid pCass
vector (Shi et al. 1997) containing an enhanced green
fluorescent protein (GFP) under control of the CaMV35S
promoter was used for bombardment assay. The Smal
fragment of GmPM16 (Shih et al. 2004) containing the
coding region was amplified by PCR, then cloned into the
plasmid pCass vector. The coding sequence of the clone
was fused in-frame to the 5’ end of the enhanced GFP
gene and termed pCass-GmPM16. The fusion plasmids
were isolated by use of a plasmid Miniprep kit (Qiagen,
Germany).

Bombardment assay

For protein movement assay, 10 to 20 pieces of
endosperm were peeled off and pre-cultured for 1 day
on 1/2 Murashige and Skoog (MS) basal medium sup-
plemented with 3% (m/v) sucrose and 0.8% (m/v) agar
at room temperature under darkness. Particle bombard-
ment involved use of a Biolistic Particle Delivery System
(Bio-Rad) PDS-1000. Before bombardment, 5 or 0.5 pg
plasmid DNA was coated onto gold particles with diam-
eter 1.6 um (INBIO GOLD, Australia), which were then
bombarded into soybean endosperm layers by accel-
eration at 1100 psi in a chamber vacuum pressure of
27 mmHg. The distance between the projectile source
and the sample was 6 cm. Bombarded endosperm was
peeled off and placed in 1/2 MS basal medium solution
supplemented with 3% (m/v) sucrose for 16 h. GFP in
all experiments was excited at 488 nm, with emission at
505-550 nm, and a transmitted light image was collected
for a reference. Images were obtained under a Zeiss 510
meta laser scanning confocal microscope (Carl Zeiss
Microlmaging GmbH, Jena, Germany) with 910/0.45 air
or 963/1.2 water immersion objectives.

N,N’-Dicyclohexylcarbodiimide (DCCD) preparation

DCCD (Sigma, USA) was diluted with 100% ethanol. The
final concentration of DCCD was 0.1 mM in any treat-
ment. DCCD solution was prepared before use.
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Organic dye staining

An organic dye, methylene blue (320 Da, Sigma-Aldrich,
USA), was prepared in distilled H,O at 10 mg/] for test-
ing transport efficiency of endosperm or cotyledon epi-
dermis. A 1-ul amount of dye solution was applied onto
endosperm or cotyledon epidermis, then observed after
20 min. For ATPase inhibitor assay, 1 pl dye and DCCD
(0.1 mM) mixture was applied onto the surface of
endosperm or cotyledon epidermis, then observed after
20 min by optical stereomicroscopy (Zeiss Lumar V12,
Carl Zeiss Microlmaging GmbH, Germany). Stained area
was estimated by using Image] (http://imagej.nih.gov/
ij/). The increasing ratio was calculated as stained area at
20 min (cm?)/stained area at 0 min (cm?). Statistical anal-
ysis involved using SPSS v20 (SPSS, USA) with statistical
significance set at p <0.05.
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Transport of fluorescent tracers

8-Hydroxypyrene-1,3,6-trisulfonic acid (HPTS; 524 Da,
Molecular Probes, USA) and fluorescein isothiocyanate-
conjugated dextran (FITC-dextran) at 10, 20, 40, and
70 kDa (Sigma-Aldrich, USA) were prepared in 1/2 MS
medium with 0.8% agar to 5 mg/ml. For uptake assay,
soybean seeds were cut into 2 parts after removed the
seed coat and placed on solid MS medium with differ-
ent fluorescent tracers for 20 min (for HPTS) or 24 h
(for FITC-dextran). For estimating cell-to-cell transport
speed, soybean seeds with the seed coat removed or
both seed coat and endosperm removed were cut into
2 parts and placed on solid MS medium with HPTS or
10-kDa FITC-dextran for 3 min. The movement distance
was measured every 30 s. All images were taken under
a fluorescence stereomicroscope (Zeiss Lumar V12) or
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Fig. 1 The structural morphology and ploidy of soybean endosperm. a Photographs of soybean seed. Parts of seed coat (sc) and endosperm (en)
were removed. Endosperm is an independent and membrane-like tissue, located between the seed coat and cotyledon (co). b Flow cytometry

of fresh leaves (green) from mature plants, and peeled endosperm (red) from soybean seed at 35 days after flowering (DAF). The diploid internal
reference produced two peaks (green area), including a major peak with x 2DNA quantity and a minor peak corresponding to x4 DNA. The peak of
the red area corresponds to x3 DNA. ¢ Cryo-scanning electron microscopy (cryo-SEM) of soybean endosperm and cotyledon epidermis cells at 35
DAF. Cell wall ingrowth of soybean endosperm is identified in endosperm. d Fluorescence microscopy of propidium iodide-stained cell wall from
soybean endosperm. sc, seed coat; en, endosperm; co, cotyledon. Scale bars=1 mm for a, 100 um for cand 10 um for d
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Zeiss 510 meta laser scanning confocal microscope (Carl
Zeiss Microlmaging GmbH, Germany) with excitation at
405 nm and emission at 505-525 nm to trace the route of
fluorescent probes.

Results

General structures of soybean endosperm

After carefully removing the seed coat, we observed a
thin layer between the seed coat and cotyledon (Fig. 1a).
Flow cytometry revealed that this tissue was trip-
loid endosperm (Fig. 1b). The peeled endosperm tis-
sue in 35-DAF seed was further revealed by cryo-SEM
(Fig. 1c; left side, endosperm cells; right side, epidermal
layer of cotyledon) and optical microscopy (Fig. 1d).
The endosperm cells were larger than cotyledon epider-
mal cells, had a zigzag shape, and varied in size. Cotyle-
don epidermal cells were small, ovary-shaped, and were
similar in size (Fig. 1c). The zoom-in view of the soybean
endosperm cell revealed a striking thin or thick cell wall
structures (Fig. 1d).

Protein movement with active transport in endosperm
cells

Previous work suggested that SEL of most cells was
below 40 kDa (e.g. Balachandran et al. 1997; Lucas 1999;
Stadler et al. 2005a; Yadav et al. 2014). The molecular
weight of GmPM16-GFP fusion proteins was 42 kDa,
and thus the fusion protein was used to reveal the SEL
of soybean endosperm. Figure 2 illustrates the move-
ment of GmPM16-GFP fusion proteins. The fusion pro-
tein was synthesized in the cell harboring a bombarded
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particle (indicated by a black arrowhead; Fig. 2b), then
moved to more than 10 adjacent cells (Fig. 2a). However,
no fluorescence signal was detected in 7 nearby cells with
plasmolysis (indicated by red circles). The destroyed cell
circled by a red line located right next to the fluorescent
cell with gold particles and had no fluorescence. Four
living cells surrounding the circled one are fluorescent
(Fig. 2b). Therefore, the GFP fusion proteins failed to
move into dead cells, and instead bypassed them, which
indicates that the protein molecules may move freely in
living cells but not dead ones.

ATP inhibitor DCCD blocks dye transfer on endosperm

To test the transport potential of soybean endosperm, we
applied 1 pl methylene blue solution onto the endosperm
or cotyledon surface with or without DCCD treatment
for 1 h. The dye stained areas were measured every 5 min
for 20 min (Fig. 3a). For endosperm, the stained area of
methylene blue increased approximately fourfold from 0
to 20 min (increment of staining area: 3.9240.83-folds,
n=>5), whereas with DCCD treatment, the stained area
increased 2.4-fold from 0 to 20 min (increment of stain-
ing area: 2.36 £ 0.62 folds, n=>5). By contrast, the staining
areas on cotyledons with or without DCCD treatment were
about 1.4-fold higher at 20 min than at 0 min (increment
of staining area: 1.46+0.10 folds, n=5, and 1.36+0.16-
folds, n=5, respectively). The staining area of endosperm
without DCCD treatment were significantly larger than on
endosperm with DCCD treatment (p <0.05) and on cotyle-
don with or without DCCD treatments (p<0.01) (Fig. 3b).
These results indicate that DCCD significantly blocked the

Y 7 ot

Fig. 2 Movement of GmPM16-GFP fusion proteins in soybean endosperm. The cells were imaged by a epi-fluorescence and b overlapping
fluorescence and phase contrast. The positions of gold particles in nuclei are marked by a black arrowhead in b. The fluorescent cells caused
by fusion proteins movement are marked by white arrowheads. The red circles indicate the destroyed cells containing gold particles. Scale
bars=20 um
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Fig. 3 Methylene blue staining on endosperm or cotyledon surface.
a Increment of dye staining-area at 0 and 20 min after application

of methylene blue on soybean endosperm or cotyledon, with or
without DCCD treatments. b The dye staining area of endosperm
without DCCD treatment was significantly larger than in endosperm
with DCCD treatment and cotyledon with or without DCCD
treatments. The data were analyzed by ANOVA with Scheffe's S
method (*p < 0.05; **p <0.01). Data are mean £ SE

dye transfer on endosperm, and soybean cotyledon has
poor efficiency of dye transfer. Thus, it suggests that the
active transport in the endosperm cells is more important
than that in the cotyledon.

Transport pathways of soybean endosperm

We used two different fluorescent symplastic tracers, a
small HPTS (0.5 kDa) and a series of FITC-dextran with
various molecular weights (10, 20, 40, or 70 kDa), to trace
the cell-to-cell movement ability of endosperm (Fig. 4).
Endosperm was peeled from soybean seed, then soaked
in HPTS solution for 5 min or in FITC-dextran solutions
for 24 h. HPTS as well as 10-, 20-, and 40-kDa FITC-dex-
tran moved freely among endosperm cells (Fig. 4b—e). By
contrast, 70-kDa FITC-dextran stayed at the cut edge of
endosperm and had no further movement (Fig. 4f). After
DCCD treatment, fluorescent signals were identified only
at the cell wall region but not in endosperm cells (Fig. 4g,
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h). No spontaneous fluorescence was detected under the
same excitation/emission condition (Fig. 4a).

Transport speed of soybean endosperm

Because the tracer movement occurred initially from
broken cells at the cut edges and followed a certain direc-
tion, the cut edges provided a baseline for measuring
endosperm transport speed. Seeds with the seed coat
peeled or with both the seed coat and endosperm peeled
were cut, then immediately placed on gels containing
HPTS or 10-kDa FITC-dextran (Fig. 5a). The tracer move-
ments were measured every 30 s. In endosperm, HPTS
and 10-kDa FITC-dextran moved 0.6 and 0.4 mm, respec-
tively, in 3 min (Fig. 5c, e). However, in cotyledon, HPTS
moved 0.2 mm but 10-kDa FITC-dextran was blocked
at the cut edge (Fig. 5b, d). From similar experiments in
Arabidopsis embryos (Kim et al. 2002), HPTS moved
approximately 0.2 mm from the base to the top in 3 min.

Discussion

We confirm that the membrane-like and semi-trans-
parent tissue at mid-developmental stage of soybean
seed is a layer of endosperm cells which are triploid and
alive, with zigzag shaped cell wall (Fig. 1). Our results
also show that soybean endosperm cells allowed macro-
molecules (up to 40 kDa) to move into adjacent cells via
plasmodesmata (Fig. 2). In addition, soybean endosperm
showed fast symplastic transport as well as apoplastic
transport after ATPase inhibitor treatment (Figs. 3, 4).
The speed of a low-molecular-weight symplastic tracer
moving in endosperm cells was faster by 1.5- to 3-fold
than in Arabidopsis embryos (Kim et al. 2002) or soybean
cotyledon epidermis cells (Fig. 5).

At mid-developmental stage, soybean seeds begin
a period of rapid seed growth. During this stage,
endosperm covers whole seed and has exuberant vital-
ity (Miller et al. 1999; Shih et al. 2010) and may have a
biological role. A series of morphological observa-
tions of developing seeds demonstrated the existence
of endosperm tissue in other modern soybean varieties,
including those from America or Japan, and in wild-
related species, such as G. soja, G. tomentella, and G.
tabacina (Hsieh et al. 2001). Hence, soybean endosperm
is common in morphological and structural features in
the genus Glycine. We also described that endosperm is
easily peeled from maturing soybean seed, thus this is
the first case to use isolated soybean endosperm for tran-
sient assay. With the identified macromolecule move-
ment, we considered a possible transport role in soybean
endosperm. Although some cells were destroyed by gold
particles located near the most fluorescent cell, GFP
fusion proteins could bypass shrinking cells to other sur-
rounding cells. Cytosolic flow in endosperm cells may
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Fig. 4 Cell-to-cell movement of fluorescent symplastic tracer in soybean endosperm. Isolated soybean endosperm from 35 DAF seeds loaded
with a 1/2 MS media, b HPTS; ¢ 10-kDa, d 20-kDa, e 40-kDa, or f 70-kDa F FITC-dextran; or g 10-kDa or h 70-kDa FITC-dextran with DCCD. Scale
bars=50 um

not be simply passive diffusion but also energy-depend-
ent symplastic transport.

The symplastic transport is the solute transport pathway
mediated by plasmodesmata. The ability of plasmodes-
mata may be associated with their size exclusion. The
upper limit of plasmodesmata in terms of size of macro-
molecules allows for easy transport among cells (Tucker
1982; Goodwin 1983; Kempers et al. 1993; Kempers and
Van Bel 1997). The average SEL of plant cells measured
by protein movement assay was usually below 40 kDa in
previous studies using bombardment of GFP fusion genes
(Meyer et al. 2004; Hoth et al. 2005; Stadler et al. 2005a,
b; Yadav et al. 2014). An embryo-defective Arabidopsis
mutant, increased size exclusion limits 1 and 2 (isel and 2),
showed changed SEL during the shift from heart-shaped
to torpedo-shaped embryos. In the wild type and mutants,
the SEL of heart-shaped embryos allowed for 10-kDa
FITC-dextran to move through the cells; the SEL was
significantly decreased in torpedo-shaped embryos, and
the 10-kDa FITC-dextran no longer moved through plas-
modesmata. By contrast, both isel and ie2 mutants still
maintained the SEL and allowed 10-kDa FITC-dextran to
move into adjacent cells in torpedo-shaped embryos (Kim
et al. 2002). Thus, increased SEL may allow movement of
larger macromolecules. Our soybean endosperm cells

allowed movement of at least 40-kDa FITC-dextran, so the
SEL of plasmodesmata in soybean endosperm cells was
significantly larger than that in Arabidopsis embryo cells
and soybean cotyledon epidermis cells. Thus the transport
speed of tracers in soybean endosperm was faster than
Arabidopsis seed and soybean cotyledon epidermis.

The weight of legume seeds varies widely, from 0.1 mg
(e.g., Trifolium spp.) (Zoric et al. 2010) to>1000 g (e.g.,
Mora oleifera) (Boesewinkel and Bouman 1984). Some
legume endosperm show a positive relation between
the presence of nitrogen-fixing nodules and the size of
endosperm (Corby et al. 2011), although this is not the
case for most legume crops. For example, the weight of
100 seeds (g/100 seeds) of M. truncatula, pea, soybean,
and faba bean is 0.3, 12.5, 20, and>50, respectively.
Two of these four species, pea and faba bean, have no
endosperm, but seeds of pea and faba beans contain two
layers of transfer cells (TCs), one layer differentiated
from parenchyma of maternal seed coat and the other
layer differentiated from epidermis of fetal cotyledons
(Thompson et al. 2001). Several studies demonstrated
that these TCs have important roles in solute transport
from source to sink (Offler and Patrick 1993; Patrick et al.
1995; McDonald et al. 1996; Tegeder et al. 1999; Patrick
and Offler 2001; Rosche et al. 2002). In cereal kernels,
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Cotyledon Endosperm Cotyledon Endosperm
+Cotyledon +Cotyledon

HPTS 10-kDa FITC

Fig. 5 Movement of HTPS and 10-kDa FITC-dextran in endosperm or cotyledon tissue. a Soybean seed was cut at the opposite site of the
embryonic axis. The cut edge was contacted with agar gel with symplastic tracer. The tracer transferred to cells starting from the cut end of b
cotyledon only or c endosperm on cotyledon with HTPS or d cotyledon only or e endosperm on cotyledon with 10-kDa FITC-dextran at 0,0.5, 1, 2,
and 3 min (from upper to button). Scale bars =200 um

endosperm TCs (ETCs) differentiate from endosperm  endosperm cells (Miller and Chourey 1992; Cheng et al.
cells facing the major vascular bundle (Brown and Lem-  1996; Gomez et al. 2009; Royo et al. 2007). However,
mon 2007). ETC-related mutants also demonstrated based on current ultrastructural observation of soybean
that defective ETCs caused small and abnormal kernels, seeds, there is no significant evidence to show that the
which suggests that ETCs are a mediator of solute flow  parenchyma of the soybean seed coat or cotyledon epi-
from maternal TCs in the vascular bundle to starchy dermis have visible TCs (Thorne 1981; Yaklich et al. 1984;
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Chamberlin et al. 1994). According to current knowl-
edge, many seeds, including those of Arabidopsis and M.
truncatula, have no visible TCs in seed tissues. In Arabi-
dopsis, nutrient flow involves a complex set of cell layers
and tissues in the integument and epidermis in embryos
(Stadler et al. 2005a; Chen et al. 2015). Considering the
extreme difference in seed size between soybean and
Arabidopsis (200 vs 0.02 g/1000 seeds), a specialized tis-
sue may be important to improve transport efficiency of
nutrient flow.

In the current study, we illustrate that soybean
endosperm tissue covers the cotyledon and embryo, and
the living layer is fully alive at mid-developmental stage, a
period with highly accumulating nutrient transport into
sink tissues (e.g., cotyledon). From the results of cell-
to-cell movement assays, we provide evidence that soy-
bean endosperm may enhance the transport speed and
amount of available macromolecules. Considering the
poor transport ability on the cotyledon surface shown in
this work, soybean endosperm may play a role of media-
tor of moderate nutrient flow released from the seed coat
because of its characteristics of fast horizontal transport.

Abbreviations

DAF: days after flowering; DCCD: N,N-dicyclohexylcarbodiimide; ETC:
endosperm transfer cell; FITC: fluorescein isothiocyanate; GFP: green fluores-
cent protein; HPTS: 8-hydroxypyrene-1,3,6-trisulfonic acid; MS: Murashige and
Skoog; PI: propidium iodide; SEL: size exclusion limit; SEM: scanning electron
microscopy; TC: transfer cell.

Acknowledgements
We thank LH. Wu for technical assistance and Laura Smales (BioMedEditing,
Toronto, Canada) for English editing.

Authors’ contributions

MDS and YICH: experiment design and manuscript writing; MDS and JSL:
operating all experiments perform, MJF: microscope assistance. YCT: operat-
ing ploidy estimation and cryo-SEM. All authors read and approved the final
manuscript.

Funding
This work was supported by the Ministry of Science and Technology (NSC-99-
2923-B-001) and Academia Sinica (022322), Taiwan.

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.

Author details

nstitute of Plant and Microbial Biology, Academia Sinica, 128, Sec. 2,
Academia Rd, Nangang, Taipei, Taiwan. > Department of Agronomy, National
Chiayi University, Chiayi, Taiwan. > Department of Agronomy, National Taiwan
University, Taipei, Taiwan.

Page 9 of 10

Received: 13 June 2019 Accepted: 6 September 2019
Published online: 23 September 2019

References

Anbari M, Root KV, Van Dyke RW (1994) Role of Na, K-ATPase in regulating acid-
ification of early rat liver endocytic vesicles. Hepatology 19:1034-1043

Anderson E (1949) Endosperm mucilages of legumes: occurrence and compo-
sition. Ind Eng Chem 41:2887-2890

Balachandran S, Xiang Y, Schobert C, Thompson GA, Lucas WJ (1997) Phloem
sap proteins from Cucurbita maxima and Ricinus communis have the
capacity to traffic cell to cell through plasmodesmata. Proc Natl Acad Sci
USA 94:14150-14155

Barnabas AD (1994) Apoplastic and symplastic pathways in leaves and roots of
the Seagrass Halodule-Uninervis (Forssk) Aschersp. Aquat Bot 47:155-174

Baroux C, Spillane C, Grossniklaus U (2002) Evolutionary origins of the
endosperm in flowering plants. Genome Biol 3:1026

Boesewinkel FD, Bouman F (1984) The seed: structure. In: Johri BM (ed) Embry-
ology of angiosperms. Springer, Berlin, pp 567-610

Bolingue W, Vu BL, Leprince O et al (2010) Characterization of dormancy
behaviour in seeds of the model legume Medicago truncatula. Seed Sci
Res 20:97-107

Brown BC, Lemmon BE (2007) The developmental biology of cereal
endosperm. In: Olsen OA (ed) Endosperm: developmental and molecular
biology. Springer Nature, Switzerland, pp 1-20

Chamberlin MA, Horner HT, Palmer RG (1994) Early endosperm, embryo, and
ovule development in Glycine max (L.) Merr. Inter J Plant Sci 155:421-436

Chen LQ, Lin IW, Qu XQ, Sosso D, McFarlane HE, Londono A, Samuels AL, From-
mer WB (2015) A cascade of sequentially expressed sucrose transporters
in the seed coat and endosperm provides nutrition for the Arabidopsis
embryo. Plant Cell 27:607-619

Cheng WH, Taliercio EW, Chourey PS (1996) The Miniature1 seed locus of
maize encodes a cell wall invertase required for normal development of
endosperm and maternal cells in the pedicel. Plant Cell 8:971-983

Cole L, Coleman J, Evans D, Hawes C (1990) Internalization of fluorescein
isothiocyanate and fluorescein isothiocyanate-dextran by suspension-
cultured plant cells. J Cell Sci 96:721-730

Corby HDL, Smith DL, Sprent JI (2011) Size, structure and nitrogen con-
tent of seeds of Fabaceae in relation to nodulation. Bot J Linn Soc
167:251-280

Dolezel J, Bartos J (2005) Plant DNA flow cytometry and estimation of nuclear
genome size. Ann Bot 95:99-110

Fuchs R, Schmid S, Mellman | (1989) A possible role for Nat, K™ -ATPase in
regulating ATP-dependent endosome acidification. Proc Nat Acad Sci
USA 86:539-543

Goldberg RB, Depaiva G, Yadegari R (1994) Plant embryogenesis: zygote to
seed. Science 266:605-614

Gomez E, Royo J, Muniz LM, Sellam O, Paul W, Gerentes D, Barrero C, Lopez
M, Perez P, Hueros G (2009) The maize transcription factor myb-related
protein-1 is a key regulator of the differentiation of transfer cells. Plant
Cell 21:2022-2035

Goodwin PB (1983) Molecular size limit for movement in the symplast of the
Elodea leaf. Planta 157:124-130

Harlan JR (1992) Crops and man, 2nd edn. ASA USDA, Madison

Hoth S, Schneidereit A, Lauterbach C, Scholz-Starke J, Sauer N (2005) Nema-
tode infection triggers the de novo formation of unloading phloem
that allows macromolecular trafficking of green fluorescent protein into
syncytia. Plant Physiol 138:383-392

Hsieh JS, Hsieh KL, Tsai YC, Hsing YI (2001) Each species of Glycine collected in
Taiwan has a unique seed protein pattern. Euphytica 118:67-73

Jakobsen HB, Martens H, Lyshede OB (1994) Accumulation of metabolites dur-
ing seed development in Trifolium repens L. Ann Bot 74:409-415

Kempers R, Van Bel AJE (1997) Symplasmic connections between sieve ele-
ment and companion cell in the stem phloem of Vicia faba L. have a
molecular exclusion limit of at least 10 kDa. Planta 201:195-201

Kempers R, Prior DAM, vanBel AJE, Oparka KJ (1993) Plasmodesmata between
sieve element and companion cell of extrafascicular phloem of Cucurbita
maxima permit passage of 3 kDa fluorescent probes. Plant J 4:567-575



Shih et al. Bot Stud (2019) 60:24

Kiernan JA (1974) Effects of metabolic inhibitors on vital staining with methyl-
ene blue. Histochemistry 40:51-57

Kim I, Hempel FD, Sha K, Pfluger J, Zambryski PC (2002) Identification of a
developmental transition in plasmodesmatal function during embryo-
genesis in Arabidopsis thaliana. Development 129:1261-1272

Kirkbridge JH, Gunn CR, Weitzman A (2003) Fruits and seeds of genera in the
subfamily Faboideae (Fabaceae). Technical Bulletin No. 1890, USDA

Lucas WJ (1999) Plasmodesmata and the cell-to-cell transport of proteins and
nucleoprotein complexes. J Exp Bot 50:979-987

Ma FS, Cholewa E, Mohamed T, Peterson CA, Gijzen M (2004) Cracks in the
palisade cuticle of soybean seed coats correlate with their permeability
to water. Ann Bot 94:213-228

Makarow M, Nevalainen LT (1987) Transport of a fluorescent macromolecule
via endosomes to the vacuole in Saccharomyces cerevisiae. J Cell Biol
104:67-75

McClendon JH, Nolan WG, Wenzler HF (1976) The role of the endosperm in
the germination of legumes: galactomannan, nitrogen, and phosphorus
changes in the germination of guar (Cyamopsis tetragonoloba; Legumi-
nosae). Am J Bot 63:790-797

McDonald R, Fieuw S, Patrick JW (1996) Sugar uptake by the dermal transfer
cells of developing cotyledons of Vicia faba L.: experimental systems and
general transport properties. Planta 198:54-63

Melkus G, Rolletschek H, Radchuk R, Fuchs J, Rutten T, Wobus U, Altmann T,
Jakob P, Borisjuk L (2009) The metabolic role of the legume endosperm: a
noninvasive imaging study. Plant Physiol 151:1139-1154

Meyer S, Lauterbach C, Niedermeier M, Barth |, Sjolund RD, Sauer N (2004)
Wounding enhances expression of AtSUC3, a sucrose transporter from
Arabidopsis sieve elements and sink tissues. Plant Physiol 134:684-693

Miller ME, Chourey PS (1992) The maize invertase-deficient miniature-1 seed
mutation is associated with aberrant pedicel and endosperm develop-
ment. Plant Cell 4:297-305

Miller SS, Bowman LAA, Gijzen M, Miki BLA (1999) Early development of the
seed coat of soybean (Glycine max). Ann Bot 84:297-304

Musielak TJ, Schenkel L, Kolb M, Henschen A, Bayer M (2015) A simple and
versatile cell wall staining protocol to study plant reproduction. Plant
Reprod 28:161-169

Noueiry AO, Lucas WJ, Gilbertson RL (1994) Two proteins of a plant DNA virus
coordinate nuclear and plasmodesmal transport. Cell 76:925-932

Offler CE, Patrick JW (1993) Pathway of photosynthate transfer in the develop-
ing seed of Vicia faba L: a structural assessment of the role of transfer cells
in unloading from the seed coat. J Exp Bot 44:711-724

Patrick JW, Offler CE (2001) Compartmentation of transport and transfer
events in developing seeds. J Exp Bot 52:551-564

Patrick JW, Offler CE, Wang XD (1995) Cellular pathway of photosynthate
transport in coats of developing seed of Vicia faba L. & Phaseolus vulgaris
L. I. Extent of transport through the coat symplast. J Exp Bot 46:35-47

Penefsky HS (1985) Mechanism of inhibition of mitochondrial adenosine
triphosphatase by dicyclohexylcarbodiimide and oligomycin: relationship
to ATP synthesis. Proc Natl Acad Sci USA 82:1589-1593

Reid JSG, Bewley JD (1979) A dual role for the endosperm and its galactoman-
nan reserves in the germinative physiology of Fenugreek (Trigonella foe-
num-graecum L.), an endospermic leguminous seed. Planta 147:145-150

Reid JSG, Meier H (1972) The function of the aleurone layer during galac-
tomannan mobilisation in germinating seeds of fenugreek (Trigonella
foenum-graecum L.), crimson clover (Trifolium incarnatum L) and lucerne
(Medicago sativa L.): a correlative biochemical and ultrastructural study.
Planta 106:44-60

Rosche E, Blackmore D, Tegeder M, Richardson T, Schroeder H, Higgins TJ,
Frommer WB, Offler CE, Patrick JW (2002) Seed-specific overexpression of
a potato sucrose transporter increases sucrose uptake and growth rates
of developing pea cotyledons. Plant J 30:165-175

Royo J, Gomez E, Hueros G (2007) Transfer cells. In: Olsen OA (ed) Endosperm:
developmental and molecular biology. Springer Nature, Switzerland, pp
73-90

Page 10 of 10

Sambrook J, Russell DW (2001) Molecular cloning: a laboratory manual. Cold
Spring Harbor Laboratory Press, New York

Scarth GW (1926) The mechanism of accumulation of dyes by living cells. Plant
Physiol 1:215-229

Shi BJ, Ding SW, Symons RH (1997) Plasmid vector for cloning infectious
cDNAs from plant RNA viruses: high infectivity of cONA clones of tomato
aspermy cucumovirus. J Gen Virol 78:1181-1185

Shih MD, Lin SC, Hsieh JS, Tsou CH, Chow TY, Lin TP, Hsing YI (2004) Gene
cloning and characterization of a soybean (Glycine max L.) LEA protein,
GmPM16. Plant Mol Biol 56:689-703

Shih MD, Hoekstra FA, Hsing YIC (2008) Late embryogenesis abundant pro-
teins. Adv Bot Res 48:211-255

Shih MD, Kao MH, Lin SC, Shu TF, Hsieh KL, Chung MC, Tsou TH, Hsing YIC,
Hsieh JS (2010) Tissue- and cellular localization of soybean (Glycine max
L) seed maturation protein transcripts. Bot Stud 51:183-194

Shih MD, Hsieh TY, Jian WT, Wu MT, Yang SJ, Hoekstra FA, Hsing YIC (2012)
Functional studies of soybean (Glycine max L.) seed LEA proteins
GmMPM6, GmPM11, and GmPM30 by CD and FTIR spectroscopy. Plant Sci
196:152-159

Stadler R, Lauterbach C, Sauer N (2005a) Cell-to-cell movement of green fluo-
rescent protein reveals post-phloem transport in the outer integument
and identifies symplastic domains in Arabidopsis seeds and embryos.
Plant Physiol 139:701-712

Stadler R, Wright KM, Lauterbach C, Amon G, Gahrtz M, Feuerstein A, Oparka
KJ, Sauer N (2005b) Expression of GFP-fusions in Arabidopsis companion
cells reveals non-specific protein trafficking into sieve elements and
identifies a novel post-phloem domain in roots. Plant J 41:319-331

Tegeder M, Wang XD, Frommer WB, Offler CE, Patrick JW (1999) Sucrose trans-
port into developing seeds of Pisum sativum L. Plant J 18:151-161

Thompson RD, Hueros G, Becker H, Maitz M (2001) Development and func-
tions of seed transfer cells. Plant Sci 160:775-783

Thorne JH (1981) Morphology and ultrastructure of maternal seed tissues
of soybean in relation to the import of photosynthate. Plant Physiol
67:1016-1025

Tucker EB (1982) Translocation in the staminal hairs of Setcreasea purpurea: I. A
study of cell ultrastructure and cell-to-cell passage of molecular probes.
Protoplasma 113:193-201

Ugurbil K, Rottenberg H, Glynn P, Shulman RG (1978) 3'P nuclear magnetic
resonance studies of bioenergetics and glycolysis in anaerobic Escheri-
chia coli cells. Proc Natl Acad Sci USA 75:2244-2248

Williams JH, Friedman WE (2002) Identification of diploid endosperm in an
early angiosperm lineage. Nature 415:522-526

Wolk CP (1973) Physiology and cytological chemistry blue-green algae. Bacte-
riol Rev 37:32-101

Yadav SR, Yan D, Sevilem |, Helariutta Y (2014) Plasmodesmata-mediated
intercellular signaling during plant growth and development. Front Plant
Sci 5:44

Yaklich RW, Vigil EL, Wergin WP (1984) Scanning electron microscopy of soy-
bean seed coat. Scann Electron Microsc 11:991-1000

Yeung EC, Cavey MJ (1988) Cellular endosperm formation in Phaseolus vulgaris.
. Light and scanning electron microscopy. Can J Bot 66:1209-1216

Zhujun Z, Seitz WR (1984) A fluorescence sensor for quantifying pH in the
range from 6.5 to 8.5. Analyt Chim Acta 160:47-55

Zoric L, Merkulov L, Lukovic J, Boza P (2010) Comparative seed morphology of
Trifolium L. Species (Fabaceae). Period Biol 112:263-272

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Dye- and fluorescence-based assay to characterize symplastic and apoplastic trafficking in soybean (Glycime max L.) endosperm
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Plant materials
	Ploidy estimation
	Cryo-scanning electron microscopy (cryo-SEM)
	Confocal microscopy
	Plasmid construction
	Bombardment assay
	N,N′-Dicyclohexylcarbodiimide (DCCD) preparation
	Organic dye staining
	Transport of fluorescent tracers

	Results
	General structures of soybean endosperm
	Protein movement with active transport in endosperm cells
	ATP inhibitor DCCD blocks dye transfer on endosperm
	Transport pathways of soybean endosperm
	Transport speed of soybean endosperm

	Discussion
	Acknowledgements
	References




