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Abstract The purpose of this study was to investigate the
morphology, transmission route of photosynthetic products
in the seed stalk of Caragana arborescens Lam. at various
stages after flowering and evaluate the role of the seed stalk
in seed maturation using scanning electron microscopy. We
found that the mature seed stalk mainly consisted of vessels,
sclerenchymatous cells and parenchymatous cells. Elon-
gated cells formed a ring at the junction between the seed
stalk and seed, and a large hollow was produced by two
layers of sclerenchymatous cells in the interior seed, which
functions to sustain seed growth. The opening in the center
of the ring was closed during an early stage of seed devel-
opment, and the opening enlarged as the seed matured.
There were two routes for material transport, which started
from the seed stalk: one from the seed coat to the embryo,
and another directly entering the embryo. Vessels, which are
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abundant in the seed stalk, are the pathway for absorption of
nutrients by the seeds. The vessels were densely packed in
the seed stalk, and secondary thickening of the cell wall of
the vessels was characterized by net thread thickening, while
the secondary thickening of the cell wall of the vessels
within the seed was characterized by screw thread thicken-
ing. The morphological characteristics of the vessels were
adaptive to its functions.
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Introduction

The seed stalk provides the connection between plant gen-
erations and is considered as the “umbilical cord” or joining
point between the seed and ovary wall of a plant (Jaisankar
et al. 2014). The seed stalk develops from a small-headed
handle of the ovule, and it is the only pathway through which
the plant transmits photosynthates into the seed (Bouman
and Schier 1979). The funiculus of the angiosperm ovule
may be long and thin, or short and stout, or it may be missing
completely. If missing, the ovule is sessile (Wang and Ren
2007). Generally, the ovule develops into a seed following
plant fertilization, and the funiculus develops to a seed stalk;
however, the funiculus fails to directly develop into a seed
stalk in the ovules of some plants, such as Liliaceae plants
(Bouman 1977, Tilton and Horner 1980; Matsui et al. 1993;
Umeda et al. 1994), in which the third bead layer of the
funiculus finally develops into an aril (Tilton and Horner
1980). In some Magnoliaceae plants, the appendage of the
handle that protrudes from the funiculus forms a closed
junction with the horseshoe-like outer integument
(McNaughton and Robertson 1974), and finally, this
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junction develops into a goblet-shaped outer integument
(Matsui et al. 1993; Umeda et al. 1994).

The diversion of photosynthates into the seed, by the
seed stalk, increases seed yield. The cross-sectional view of
the seed stalk shows a junction between the inner integu-
ment and the seed stalk at the base of the handle. At that
junction are two closely connected layers of sclerenchy-
matous cells that form a very large depression (Wang et al.
2003). The function of this depression is to attach the seed
and facilitate its growth. In particular, at the hilum, fence-
like cells form a small opening, which is the only channel
for the outer mesocarp cells to transport photosynthates to
the seed (Wang et al. 2003). For example, if the funiculus
of soybeans have well-developed vessel systems, the
transfer of photosynthates will be very efficient. Subse-
quently, seed production will also increase (Wang et al.
2004). The funiculus vessel system is considered an
important anatomical structure for enhancing or improving
breeding for high light efficiency (Wang et al. 2003, 2004).

Caragana arborescens, an erect shrub or small tree,
commonly known as caragana or Siberian pea tree (Allen
et al. 1955), is used as an ornamental hedge in northeastern
China (Zhang and Chen 1990) because of its tolerance to
drought in cold, semiarid regions. In Inner Mongolia,
millions of seedlings have been planted for medicinal
purposes, such as treatment of cough and gynecological
disease (Zhao 2006), and for field and green belt purposes
(Milovidov 1925). C. arborescens has pod fruits that con-
tain many seeds (Liu 1993). The caragana has a slightly
bitter tasting “pea”, usually 3—4 in a pod, which is edible
but should be cooked before eating. These ripen in July and
if left, will fall from the shrub, and the seeds will grow to
become a new plant next to the parent shrub. In some areas
of the United States, this plant is considered an invasive
species. Grasshoppers can defoliate this species in some
years, but it recovers well from the attacks. However, there
is no knowledge on the seed stalk of C. arborescens.

In this study, scanning electron microscopy (SEM) was
employed to investigate the morphology, transmission route
of photosynthetic products of the seed stalk of C. arbor-
escens, and evaluate the role of the seed stalk in seed mat-
uration. Our finding would be of great practical significance
for the breeding of C. arborescens and would provide the-
oretical evidence to advance breeding of C. arborescens.

Materials and methods
Specimen collection and treatment
Since 31 May 2008, 30 fresh fruits were collected from the

upper, middle and lower layers of the same Caragana plant
after flowering at 9:00 h on the day of collection. Half of
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the fresh fruits were fixed in 2.5% glutaraldehyde (pH 6.7)
at 4 °C, and the other half was naturally dried. Each sample
was numbered.

Scanning electron microscopy

The full seed of each fruit was cut with a knife along the
junction between the base of the seed stalk and the endo-
carp layer. The fixed seeds were washed three times with
0.1 M PBS, dehydrated with a graded ethanol series, which
was replaced by isoamyl acetate. Then, seeds were critical-
point dried and sputter-coated with gold—palladium. Sam-
ples were then observed with a Hitachi S-3000N scanning
electron microscope (Hitach; Tokyo, Japan) at an acceler-
ating voltage of 15.0 kV.

Results and discussion
Morphology of the funiculus

The funiculus of the C. arborescens seed appeared a
hammer-like shape, approximately 1750 um long and
375 pum wide. Parenchymatous cells were densely arranged
in regular shapes on the funiculus surface, measuring
(19.05 x 38.09)—(152.38 x 171.43) umz. In cross section,
the handle was full of parenchymatous cells, and the center
contained a large number of vessel cells, which have a
transport function (Fig. 1).

Morphology of seed stalk base

During seed formation, the funiculus, which serves as the
only bridge that connects the ovule with the external

Fig. 1 Cross section of the funiculus of C. arborescens seed viewed
with scanning electron microscopy (x 1000, lower right graph scale:
dotted scale bar 50 pm)
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environment, has a particular role. At an early stage of seed
development, the funiculus develops completely into a seed
stalk. At the junction between the seed stalk and seed, there
is a group of elongated cells forming a ring (Fig. 2). A very
large hollow is present in the center of the ring, which is
composed of two layers of sclerenchymatous cells. This
ring is important for sustaining the attachment during the
development of seeds in the embryo sac, and a few vessels
were found at the top of the ring. At a late stage of seed
development, the boundary between the ring and the seed
coat is very apparent. The ring is blunter than at the early
stage and has a deeper, more pronounced hollow. During
seed maturation, the volume of the seed stalk increased,
and the boundary of the stalk with the seed coat cells
became indistinct as the hollow disappeared. A small
opening in the center leads to the inside of the seed.

Like the morphological structure of soybean, a ring
formed by a group of elongated cells was seen at the
junction between the Caragana seed stalk and seed. The
opening in the center of the ring is closed during early seed
development and opens as the seed matures, in agreement
with the observations of the transmission tissues in the
soybean funiculus (Wang et al. 2004). This change is
associated with the transport of the large amount of pho-
tosynthates required for seed growth. With the growth of
seeds, the ring enlarges, and its boundary with seed coat is
apparent. However, the boundary is indistinct after seed
maturation. This change in the boundary may be explained
as follows: the seed stalk cells divide rapidly as the seeds
grow, and they differentiate into cells for transporting
nutrients; the seed stalk falls off after the seeds mature, and
the seed coat cells divide and displace the original seed
stalk cells. In addition, the number of vessels on the top of

N

Fig. 2 Scanning electron micrograph of surface of the junction
between seed stalk and seed of C. arborescens as arrows pointing
(x500, lower right scale: dotted scale bar 100 pm)

the ring gradually increases as the seeds enlarge, and the
lumen diameter of the vessels also enlarges. These changes
likely increase transport rates.

Transport route of photosynthates

Early in seed development, two layers of sclerenchymatous
cells were densely arranged at the growth site of the seed
stalk. They formed two fence-like layers around the entire
growth site. These layers appeared fence-like and had a
long spindle shape (Fig. 3), when the opening of these
fence-like cells was closed in the seed stalk. Numerous
vessels extended from the seed stalk to the interior part of
the seed. Later in seed development, the seed coat cells
formed a large opening at the junction between the seed
stalk and seed coat, thus opening the route for transferring
photosynthates. In addition, the vessels extended into the
seed along both sides of the seed coat cells.

Pathway for material transport

During late seed development, two potential pathways
were apparent for transporting materials from the seed stalk
to the seed interior. The junction between seed stalk and
seed is seen by the longitudinal section of the seed. One
portion of vessels extended into the seed coat cells (Fig. 3),
while most of the vessels went directly into the embryo
(Fig. 4). The vessels were arranged in a spiral pattern
outside the seed coat and associated with seed coat cells.
The vessels were concentrated in a net-like manner inside
the seed coat cells, presumably showing the pattern of
transport.

Fig. 3 Scanning electron micrograph of vessel extending into the
seed coat of C. arborescens as the arrow pointing and fence-like
layers in the circle (x250, lower right scale: dotted scale bar 200 pm)
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Fig. 4 Scanning electron micrograph of vessel extending into the
embryo as arrows pointing (x400, lower right scale: dotted scale bar
100 pm)

SEM observation of longitudinal sections of the seeds
revealed two routes of transport. One route started from the
seed stalk, extended through the seed coat, and reached the
inside of the seed, while the other directly entered the
embryo. Both pathways were associated with vessels.
However, the screw thread was thickened on the vessels in
the seed stalk, and densely packed vessels, characterized by
thickening of the net thread, were observed inside the seed
coat cells. The vessels with thickened screw threads
facilitate the entrance of external substances into the seed,
while the vessels with thickening of the net threads inside
the seed coat cells facilitate the even distribution of
external nutrients in the seed. Further studies are required
to investigate the cells that constitute this route and their
effects on photosynthate transport. Extensive studies on the
ultrastructure of the cells in the seed stalk will help elu-
cidate structure—function relationships.

Vessel morphology

Vessels were presents in the funiculus for transport. During
seed maturation, a minor alteration was seen in the mor-
phology of the vessels. At an early stage of seed devel-
opment, densely packed vessels were found on the top of
ring at the junction between the seed stalk and seed, with a
lumen of small diameter. The vessels extended along the
seed stalk into the interior part of the seed in a radial
pattern, and there were a large number of granular photo-
synthetic assimilation products in the cells around the
vessels, which demonstrated the function of vessels to
transport photosynthetates. The vessels were densely
packed at the seed coat. Secondary thickenings on the cell
walls were mainly characterized by thickening of the net
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Fig. 5 Scanning electron micrograph of vessels cross seed coat into
the embryo (x700, lower right scale: dotted scale bar 50 pm)

Fig. 6 Scanning electron micrograph showing detail of vessels
anatomy inside the seed (x900, lower right graph scale: dotted scale
bar 50 pm)

thread (Fig. 5). At late stage of seed development, the
vessels were overlapped. The secondary thickening of the
cell wall was still characterized by thickening of the net
thread; however, the arrangement was regular. This varia-
tion may be caused by the different functions of various
vessels. In the seed stalk, the photosynthetic products of
leaf and pod were various, and the vessels with thickening
of the net thread may facilitate the transportation of the
photosynthetic products. Reducing sugar are substances
that transport photosynthetic products inside the seed, and
the vessels with thickening of the screw thread would
facilitate the rapid transportation. After the full maturation
of the seed, there was large space in the middle of the
vessels, which may enhance the efficiency of material
transportation.
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Distribution and morphology of vessels
inside the seed

Extensive distribution of the vessels was found inside the
seed. Starting from the seed stalk, the vessels extended at
the lower part of the seed coat cells (Fig. 6).

Conclusions

SEM observation of the seed stalk of C. arborescens after
flowering reveals that the mature seed stalk is mainly
consisted of vessels, sclerenchymatous cells and
parenchymatous cells. The gathering elongated cells form
a ring at the junction between seed stalk and seed, and
there is a large hollow produced by two layers of scle-
renchymatous cells in the interior seed, which functions to
sustain seed growth. The opening is closed in the center of
the ring at early stage of seed development, and the
opening enlarges with the maturation of the seed. There
are two routes of material transportation which start from
the seed stalk: one from seed coat to embryo, and another
directly entering the embryo. Vessels, which are abundant
in the seed stalk, are the pathway for absorption of nutri-
ents by the seeds. The vessels are densely packed in the
seed stalk, and the secondary thickening of the cell wall of
the vessels is characterized by net thread thickening, while
the secondary thickening of the cell wall of the vessels
within the seed is characterized by screw thread thicken-
ing. The morphological characteristics of vessel are
adaptive to its functions.
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