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Abstract: Solanum japonense Nakai and S. septemlobum Bunge are medicinal plants used chaotically in traditional Chinese
medicine because they have the same Chinese name, Shuyangquan. In this study, anther wall development, microsporo-
genesis, male gametophyte development, megasporogenesis and female gametophyte development of S. japonense and S.
septemlobum were studied using traditional paraffin section technology for the first time, and their pollen morphologies
were compared using scanning electron microscopy. The results showed that both species exhibit dicotyledonous anther
wall development, dual tapetum origination, secretory tapetum development, simultaneous microsporocyte cytokinesis,
tetrahedral tetrad, coexistent 2-celled and 3-celled mature spheroidal pollen grains that are circular along the equatorial
view and have tricolporate groves, 2 locules per ovary, axial placenta, anatropous, unitegmic and tenuinucellate ovule,
linear megaspore tetrad, as well as monosporic Polygonum type of embryo sac, where the chalazal megaspore develops
into the functional megaspore and the other three megaspores degenerate. However, the pollen grains of S. japonense are
circular along the polar view, while those of S. septemlobum are triangular; the pollen surface ornamentation of S. japo-
nense is granulate-verrucate-punctate, while that of S. septemlobum is granulate-punctate-fossula. These results enrich the
embryological data of Solanum and provide palynological bases for the classification of these two species.
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INTRODUCTION an ingredient of Shuyangquan, a traditional Chinese
medicine (TCM) [13,14]. Correct identification of
medicinal plants is of great significance for the de-
velopment and application of TCM [15]. S. japonense
and S. septemlobum plants are usually determined by
their plant morphology and medical properties [16].
Their embryology has not been sufficiently studied.
Previous embryological studies on Solanum were
mainly focused on the development of embryo and
endosperm [17-20] or ultrastructures during embry-
onic development [21-26].

Solanum belongs to the family Solanaceae [1] and is
the largest genus in the family [2]. It comprises ap-
proximately 1200 species, of which 41 are found in
China [3]. Plants in Solanum have very high economic
values. In addition to food, they are also used as or-
namental [4] and medicinal plants [5,6].

S. japonense Nakai is a medicinal plant of the sec-
tion Dulcamara of the genus [7]. It is used to disperse
pathogenic wind, invigorate blood circulation and
relieve rheumatism, joint pain and dizziness [8]. S.
septemlobum Bunge is commonly classified into sec-
tion Polybotryon of the genus [7], but it was classified
into subgenus Potatoe by D’Arcy [9]. S. septemlobum
contains some pharmaceutically active substances,
which can inhibit tumor cell growth [10,11], and it is

Luo and Zhou [27] studied the pollen morphol-
ogy of S. japonense using light microscopy and scan-
ning electron microscopy (SEM), but the SEM only
provided the equatorial view. Wang et al. [28] studied
the pollen morphology of S. septemlobum using light

often used as an antipyretic [12].

As medicinal plants, S. japonense and S. septem-
lobum are easily misidentified. Both have been used as
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microscopy, but without showing the micrographs of
pollen grains. Du et al. [29] studied in detail pollen
morphology of S. septemlobum using SEM.
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In this paper, we studied anther wall development,
microsporogenesis, male gametophyte development,
megasporogenesis and female gametophyte develop-
ment of S. japonense and S. septemlobum for the first
time, with the aim of enriching the embryological data
about Solanum. Our work is an attempt toward a bet-
ter understanding of the taxonomic relationships of
these two species using palynological characteristics.

MATERIALS AND METHODS
Experimental material

Flower buds and fruits of S. japonense and S. septem-
lobum at different developmental stages were collected
in 2014 from Beijing Songshan of Yanqing County,
Beijing, and Hohhot, Inner Mongolia, China. Voucher
samples are stored in the Herbarium of the Institute
of College of Life Sciences, Capital Normal University
(CNU, S. japonense Voucher No. 14021, S. septem-
lobum Voucher No. 14025).

Methods

The flower buds and fruits at different maturity stages
were fixed in formalin-acetic acid-alcohol (FAA) and
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stored at 4C. Materials were dehydrated through ter-
tiary butyl alcohol series and embedded in paraffin
wax. Sections, cut between 5-6 pm thickness, were
stained in modified hematoxylin [30]. Mature pollen
grains were placed on aluminum stubs with double-
sided adhesive tapes. All the samples were coated with
gold-palladium and were viewed under a Hitachi
S-4800 scanning electron microscope. In addition,
the polar axis (P) x equatorial axis (E) of 20 pollen
grains from each species were measured and the size
of pollen grains was expressed as the average PxE. Pol-
len size was classified based on their longest diameter
and the shape was defined using P/E as described by
Erdtman [31]. Palynological terminology used is ac-
cording to Wang et al. [28] and Punt et al. [32].

RESULTS AND DISCUSSION
Plant morphology

Inflorescences of both S. japonense and S. septem-
lobum are conical, bearing flowers with purple corolla
and green spots on the base, reflexed petals, yellow,
oblong, basal anthers and green capitate stigma lo-
cated higher than the anthers (Fig. 1A, Fig. 2A-B). In
addition, S. japonense has a long, acuminate leaf apex

Fig. 1. Plant morphology, microsporogenesis
and male gametophyte development of Solanum
japonense. A - Flowers. B - Inflorescence and leaf
blades. C - Cross-section of bud, showing 5 anthers
with 4 microsporangia each. D-E - Partial cross
section of anther, showing differentiated anther
wall (arrows). F — Cross section of anther, showing
microsporocytes and connective cells. G - Cross
section of anther, showing connective tapetum. H
- Cross section of anther, showing connective ta-
petum and anther tapetum. I - Microsporocytes at
meiosis telophase I. J - Microsporocytes at meiosis
anaphase II. K - Microsporocytes at meiosis telo-
phase II. L - Tetrahedral tetrad. M - Disintegrated
tetrad. N - Mononucleate microspores. O — Mitosis
of microspores, showing 2-celled and 3-celled pol-
len grains (arrow) and separation of germ cells and
vegetative cells by arc cell walls. P — Mature pollen
grains and fusiform germ cells (arrow). AT - an-
ther tapetum; CC - connective cells; CT - connec-
tive tapetum; En — endothecium; Ep - epidermis;
M - middle layer; Mi — microsporocytes; MM —
mononucleate microspores; T- tetrad.
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Fig. 2. Plant morphology, microsporogenesis and
male gametophyte development of Solanum sep-
temlobum. A - Flower. B — Inflorescence. C - Leaf
blades. D — Cross section of bud. E-F - Differen-
tiated anther wall (arrows). G — Microsporocytes
and connective cells. H — Cross section of anther,
showing connective tapetum. I - Cross section of
anther, showing connective tapetum and anther
tapetum. J — Microsporocytes at zygotene stage of
meiosis prophase I. K - Microsporocytes at meiosis
anaphase I. L - Microsporocytes at meiosis telo-
phase I. M - Microsporocytes at meiosis anaphase
II. N - Microsporocytes at meiosis telophase II. O
— Tetrahedral tetrad. P - Disintegrated tetrahedral
tetrad. Q — Microspore at the mononuclear stage.
R - Microspores at metaphase of mitosis (arrow).
S — Microspores at anaphase of mitosis (arrow). T -
Fusiform germ cells (block) as well as 2-celled and
3-celled (arrow) mature pollen grains. AT - anther
tapetum; CC - connective cells; CT - connective
tapetum; En — endothecium; Ep - epidermis; M -
middle layer; Mi — microsporocytes; MM - mono-
nucleate microspores; T - tetrad.

with undulate margin (Fig. 1B), while S. septemlobum
has upper leaf blades with nearly entire margin, an
obtuse apex and 3-lobed or 5-lobed lower leaf blades
(Fig. 2C).

Anther wall development

Both S. japonense and S. septemlobum have 5 anthers
containing 4 microsporangia each (Fig. 1C, Fig.
2D). Almost all species of Solanum have 5 anthers
per flower [7], except S. procumbens Loureiro, and
S. tuberosum Linnaeus, which have 4 and 6 anthers
per flower, respectively [7,33]. The primary wall cells
of both species undergo periclinal division, forming
an outer layer and an inner layer. At this period, the
anther wall contains a total of three layers: an outer
layer, inner layer and epidermis (Fig. 1D, Fig. 2E). The
outer layer cells undergo another division, forming
the endothecium and the middle layers. The inner
layer cells directly develop into anther tapetum (Fig.
1E, Fig. 2F). The completely differentiated anther wall

comprises the epidermis, endothecium, middle layer
and tapetum (Fig. 1H, Fig. 2]). The anther wall devel-
opment is of dicotyledonous type (Table 1). Anther
wall development of Angiospermae is classified as
basic type, dicotyledonous type, monocotyledonous
type and reduced type [34]. Garcia [35] studied the
anther wall development of 32 species of Solanum and
found both basic type and dicotyledonous type. Bhan-
dari and Sharma [21] also found both basic type and
dicotyledonous type in S. nigrum Linnaeus.

At the microsporocyte stage, the connective cells
protrude into the microsporangium (Fig. 1F) and
some of them begin to differentiate. Those with a
slightly larger nucleus and nucleolus further develop
into the connective tapetum (Fig. 1G, Fig. 2G). Dur-
ing development of the anther, anther tapetum and
connective tapetum, different morphological features
are displayed. Overall, the tapetum is heterotypic (Fig.
1H, Fig. 2H-I) and has a dimorphic development. A
previous report also showed that S. tuberosum has a
heterotypic tapetum, but did not describe its detailed
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Table 1. The embryological and palynological characteristics of Solanum japonense and Solanum septemlobum

Solanum japonense ‘ Solanum septemlobum
Embryological characteristics
Microsporangia 4 4
Anther wall Dicotyledonous Dicotyledonous
Tapetum origination Dual Dual
Tapetum Secretory Secretory
Cytokinesis Simultaneous Simultaneous
Microspore tetrads Tetrahedral Tetrahedral
Mature pollen 2-celled, 3-celled 2-celled, 3-celled
Ovary 2 locules 2 locules
Placenta type Axial Axial
Ovule Anatropous Anatropous
Integument Unitegmic Unitegmic
Nucellus Tenuinucellate Tenuinucellate
Megaspore tetrads Linear Linear
Embryo sac Polygonum type Polygonum type
Palynological characteristics
Size (um) 8.5 (7.4-9.8) x 8.9 (7.4-10.5) 8.8 (7.6-9.8) x 9.2 (7.9-10.7)
Size class Small Small
Shape Spheroidal Spheroidal
Polar view Circular Triangle
Equatorial view Circular Circular
Aperture Tricolporate Tricolporate
Surface ornamentation Granulate-verrucate-punctate Granulate-punctate-fossula

developmental process [36]. In addition, a heterotypic
tapetum has also been found in Lycium and Capsicum
annuum L. belonging to Solanaceae [37-39].

At prophase I of the meiosis, the tapetum is well
developed (Fig. 1H, Fig. 2]). Afterwards, tapetal cells
separate from each other, deform, and gradually dis-
integrate at their original position (Fig. 11, Fig. 2K). At
the early microspore stage, tapetal cells further disin-
tegrate (Fig. IN) and completely disappear in the fully
mature pollen grains. The tapetum development is of
the secretory type (Table 1).

Microsporogenesis

Microsporocytes at the initial stage are composed of
large cells with a dense cytoplasm, prominent nucleus,
multiple nucleoli and no obvious vacuole (Fig. 1E Fig.
2G). The cells undergo meiosis. At prophase I, the
chromatin undergoes long-term, complex changes and
gradually concentrates to thicker and shorter chro-
mosomes, the nucleoli disintegrate and the nuclear
membranes disappear. Prophase I includes five stag-
es, leptotene (Fig. 1H), zygotene (Fig. 2]), pachytene,

diplotene and diakinesis. At meiosis metaphase I, the
paired homologous chromosomes are arranged on
the equatorial plate at the cell center. At meiosis ana-
phase I, homologous chromosomes gradually separate
from each other under the traction of spindle fibers,
moving toward the two cell poles (Fig. 2K). At meio-
sis telophase I, chromosomes at the two poles gather
together again, forming a new nuclear membrane and
nucleolus (Fig. 11, Fig. 2L), but not the cell wall. Thus,
after meiosis I, no dyad appears.

The two daughter cells simultaneously undergo
meiosis II. At meiosis anaphase II, the sister chroma-
tids move towards the poles under the traction of the
spindle fibers (Fig. 1], Fig. 2M). At meiosis telophase
11, the nuclear membrane reforms at the poles around
the chromosomes and the two daughter cells undergo
cytokinesis (Fig. 1K, Fig. 2N), forming a tetrahedral
tetrad (Fig. 1L, Fig. 20), like many other species of
Solanaceae [40-43]. However, Tang et al. [44] found
that S. melongena Linnaeus has both a tetrahedral and
symmetrical tetrad. The microsporocytes cytokinesis
of both S. japonense and S. septemlobum is of the si-
multaneous type (Table 1).
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Fig. 3. Megasporogenesis and female gameto-
phyte development of Solanum japonense. A -
Cross-section of ovary. B —Anatropous ovules. C
— Archesporial cells (arrow). D — Megasporocytes
(arrow) at leptotene of meiosis prophase I. E -
Megasporocytes (arrow) at diakinesis of meiosis
prophase I. F - Megasporocytes (arrow) at meiosis
metaphase I. G - Dyad (arrow). H - Linear tetrad
(arrow). I - Mononuclear embryo sac (arrow). J -
Binuclear embryo sac (arrows point to the nuclei).
K-M - Tetranuclear embryo sac (arrows point to
the nuclei) (K is pieced together by L-M, which
are consecutive sections of the same embryo sac).
N-S - 8-nucleate embryo sac (arrows) (N is pieced
together by O-S, which are consecutive sections
of the same embryo sac). T - Central cell fusion
(arrow). AC - antipodal cells; EC - egg cell; PN -
polar nuclei; S - synergids.

Male gametophyte development

With the dissolution of the callose wall, the tetrad
gradually disintegrates (Fig. 1M, Fig. 2P) to free mi-
crospores. Furthermore, a distinct wall forms in the
early microspores released from the tetrad (Fig. 1N).
Meanwhile, these microspores rapidly enlarge in
volume, and vacuoles occur in the cytoplasm, gradu-
ally forming a large central vacuole, which pushes
the nuclei to one side of the cells. The cells are at the
mononuclear stage (Fig. 2Q). At this time, micro-
spores undergo mitosis (Fig. 2R-S), forming a larger
vegetative cell and a smaller germ cell. The newly
formed germ cell is close to the pollen wall and sepa-
rated from the vegetative cells by an arch cell wall (Fig.
2T). Subsequently, the cell wall between the two cells
disintegrates and the germ cell is detached from the
pollen wall and free in the cytoplasm of the vegetative
cell (Fig. 2T). Afterwards, germ cells in some pollen
grains undergo further mitosis, forming two sperm
cells (Fig. 10, Fig. 2T). These sperm cells gradually
change from spherical to oblong shape (Fig. 1P, Fig.
2T). The mature pollen grains of both S. japonense

and S. septemlobum are 2-celled and 3-celled (Fig. 10,
Fig. 2T). In previous studies, Dnyansagar and Cooper
[17] found that the mature pollen grains of S. phureja
Juzepczuk & Bukasov are both 2-celled and 3-celled,
while Fukuda [41] found that the mature pollen grains
of S. tuberosum are 2-celled.

Megasporogenesis

The gynoecium is bicarpellary, syncarpous, bilocular
and has many ovules on axile placentation. However,
Zhang et al. [3] believed that the ovary of Solanum
has 2-5 locules. The ovules are anatropous, unitegmic
and tenuinucellate (Fig. 3A-B, Fig. 4A-B), which is in
agreement with the finding of Govil [45] that Solanum
tuberosum var. Jyoti Gola has both anatropous and
semi-anatropous ovules.

The megasporocyte directly develops from the
archesporial cells under the nucellar epidermis and
contains a dense cytoplasm and a prominent nucleus
(Fig. 3C, Fig. 4C). During meiotic prophase I, the
megasporocyte undergoes five phases: leptotene, zy-
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Fig. 4. Megasporogenesis and female gametophyte
development of Solanum septemlobum. A - Cross-
section of flower bud. B - Anatropous ovules. C
— Archesporial cells (arrow). D - Megasporocytes
(arrow) at leptotene of meiosis prophase I. E -
Megasporocytes (arrow) at zygotene of meiosis
prophase I. F - Megasporocytes (arrow) at diaki-
nesis of meiosis prophase I. G - Megasporocytes
(arrow) at meiosis metaphase I. H - Dyad (arrow).
I-] - Tetrad (arrow). K - Mononuclear embryo sac
(arrow). L - Binuclear embryo sac (arrows point to
the nuclei). M-O - Tetranuclear embryo sac (ar-
rows point to the nuclei) (M is pieced together by
N-O, which are consecutive sections of the same
embryo sac). P-T - 8-nucleate embryo sac (arrows)
(P is pieced together by Q-T, which are consecutive
sections of the same embryo sac). AC - antipodal
cells; EC - egg cell; PN - polar nuclei; S - syner-
gids.

gotene, pachytene, diplotene and diakinesis (Fig. 3D-E,
Fig. 4D-F). Afterwards, the nuclear membrane dis-
integrates and the cell undergoes meiotic metaphase
I, where homologous chromosomes are paired and
arranged in the central equatorial plate (Fig. 3F, Fig.
4G). The cell undergoes meiotic anaphase I and telo-
phase I, forming a dyad (Fig. 3G, Fig. 4H). Next, the
megasporocyte undergoes a second meiosis, including
prophase II, metaphase II, anaphase I and telophase II,
eventually forming a tetrad (Fig. 3H, Fig. 4I) with four
linearly arranged megaspores. The chalazal megaspore
develops into the functional megaspore while the other
three megaspores gradually disintegrate (Fig. 4]).

Female gametophyte development

The functional megaspore elongates longitudinally
and moves to the center of the embryo sac, forming a
mononuclear sac (Fig. 31, Fig. 4K). The mononuclear
embryo sac undergoes mitosis once and horizontally
divides into a 2-nucleate embryo sac. The two nuclei
initially locate in the center, then move toward the
poles (Fig. 3], Fig. 4L) and undergo mitosis once again,

forming a 4-nucleate embryo sac with two nuclei ar-
ranged on each of the two poles (Fig. 3K-M, Fig. 4M-
O). Afterwards, the 4-nucleate embryo sac continues
to divide, forming an 8-nucleate embryo sac. Three
of the four nuclei at the micropylar end form an egg
apparatus including an egg cell and two synergids, and
the other nucleus becomes the upper polar nucleus.
Three of the four nuclei at the chalazal end form an-
tipodal cells and the other nucleus becomes a lower
polar nucleus (Fig. 3N-S, Fig. 4P-T). At last, the upper
polar nucleus moves downward, while the lower polar
nucleus moves upward, and fuses together with the
upper polar nucleus (Fig. 3T). The mature embryo sac
has 7 cells with 8 nuclei. The embryo sac development
is of the monosporic Polygonum type. Young [33] and
Govil [45] found that the embryo sac development of
S. tuberosum and S. tuberosum var. Jyoti Gola is of the
tetrasporic Adoxa type. Overall, embryo sac devel-
opment of angiosperms is monosporic, bisporic and
tetrasporic, and can be further divided into 13 types
[46]. The monosporic Polygonum type is the most
common one, and both bisporic and tetrasporic ones
are derived from the monosporic one [47-49].
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Pollen morphology of S. japonense and S.
septemlobum

S. japonense has very small, spheroidal pollen grains
sized 8.5(7.4-9.8)x8.9(7.4-10.5) um. They are circular
along both the polar and equatorial views, and have
tricolporate and granulate-verrucate-punctate surface
ornamentation (Fig. 5A-C).

S. septemlobum has very small, spheroidal pollen
grains sized 8.8(7.6-9.8)x9.2(7.9-10.7) um. They are
triangular along the polar view and circular along the
equatorial view, and have tricolporate and granulate-
punctate-fossula surface ornamentation (Fig. 5D-F).
The pollen morphology of these two species agree
with previous studies [27-29].

The colpus of pollen grains of the studied species
is long, narrow and sunken, and extends almost to
the poles. These features of the colpus are consistent
with those of the genus Solanum [29]. However, the
two species are different in length, width, degree of
descent and the intensity of tuberculate ornamenta-
tion distributed on the surface of the colpus.

Pollen exine ornamentation is an important classi-
fication feature of Solanaceae species [29,50-52]. Our
results suggest that the pollen grains of S. japonense
have granulate-verrucate-punctate surface ornamenta-
tion, while the pollen grains of S. septemlobum have
granulate-punctate-fossula surface ornamentation
(Table 1). In addition, these species exhibit differences
along the polar view. Thus, the observed details of
the pollen surface can be used to distinguish between
species within the genus Solanum.

Fig. 5. SEM micrographs of pollen grains of Solanum japonense
and S. septemlobum. A-C - S. japonense: Polar view (A); Equato-
rial view (B); Surface ornamentation (C). D-F - S. septemlobum:
Polar view (D); Equatorial view (E); Surface ornamentation (F).
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CONCLUSIONS

Some embryological characteristics of S. japonense and
S. septemlobum were studied for the first time and their
pollen morphology was also compared. The data gained
from this study may contribute to the embryological
and palynological characteristics used in the taxonomy
of Solanum. Moreover, it also provides a palynological
basis for the classification of these two species and a
theoretical basis for their identification in TCM.
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