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ABSTRACT. Anthers contain starch and neutral lipids, which have key roles in microspore ontogeny and gametophyte
development. In this study, we observed the dynamic changes in starch and neutral lipids in the anther developmental
processes of castor (Ricinus communis) by cytochemical methods. Starch grains and neutral lipids presented a regular
dynamic distribution during anther development. In young anthers, some neutral lipids accumulated in sporogenous
cells, whereas neutral lipids disappeared with microspore growth. At the late microspore stage, starch grains began to
accumulate inmicrospores, and the starch content of bicellular pollen significantly increased aftermicrosporemitosis. At
anthesis, starch grains and neutral lipids accumulated in the mature pollen grains. Visible changes occurred in anther
wall cells. The epidermis, middle layer, and tapetumwere degenerated, and only a single layer of endothecium remained
at anthesis. The dynamic variation of starch grains and neutral lipids in tapetal cells was consistent with the changes in
microspores and pollen during anther development. All these findings demonstrated that tapetal cells directly interacted
with the developing gametophytes. The tapetal cells play an important role in supplying nutritional substances for
microspore absorption. Moreover, the endothecium protects the pollen and contributes to anther dehiscence. The results
of this study provide a foundation for the further research on sexual reproduction in angiosperms.

The anthers of angiosperms are complexmale sex organs, and
their development is a precisely regulated biological process
(Pearce et al., 2015). During anther development, various
structural and physiological changes occur, and these changes
differ with plant species. One characteristic of anther develop-
ment is the accumulation of nutrients, generally polysaccharides
or neutral lipids, in the pollen pool to fuel the subsequent pollen
ontogeny, germination on the stigma surface, and growth of the
pollen tube through the style (Cheung and Wu, 2007; Pacini,
1996). Increasing evidence shows that abnormalities in the
accumulation and metabolism of nutrients in anthers are associ-
ated with pollen sterility (Castro and Clement, 2007; Datta et al.,
2002; Ku et al., 2003; Kurusu et al., 2014; Xie et al., 2005).

The dynamic changes in nutrients in anthers are divided into
two processes: transportation and transformation. In general,
nutrients in the form of sugars are transported from other plant
organs to the anthers (Ekici and Dane, 2012). Transported sugars
can be directly absorbed by pollen or transformed starch as reserve
nutrients in the anther (Bhandari, 1984; Konyar et al., 2013).
Sugars can be converted into other molecules, including lipids,
which are important structural components for newly synthesized
internal membranes, as well as crucial for energy generation and

storage (Park and Twell, 2001). However, the exact details of
these processes are not well understood, and studies on regulatory
mechanisms remain quite limited.

Ricinus communis is an important oil crop that is grown in
tropical and subtropical regions worldwide. Castor oil is renowned
for its medicinal properties and industrial applications (Atsmon,
1989;Negi, 1996). Castor oil is extracted fromR. communis seeds;
therefore, numerous studies have focused on R. communis seeds
and seedlings (He et al., 2007; Li et al., 2012; Maciel et al., 2011;
Ribeiro et al., 2014; Sujatha et al., 2009; Velascoa et al., 2015;
Yasur and Rani, 2013). However, detailed studies on anther
development and the distribution of reserve substances in the
anthers of R. communis are scarce. In this study, the histochemical
changes occurring in anthers of different stages in R. communis
were investigated, with special attention to the distribution and
amount of polysaccharides and neutral lipids. In addition, the
features of nutrient metabolism were analyzed to reveal the
reproductive biology of R. communis.

Materials and Methods

MATERIALS. Ricinus communis plants were grown in the
fields of the Xiamen University campus in Xiamen, China (lat.
118�32#35$E, long. 24�61#18$N). Fresh anthers from stami-
nate buds of different sizes were squashed and observed under
a microscope to determine the exact stage of microsporogenesis
during the months of November through December.

PREPARATION AND STAINING OF RESIN-EMBEDDED SEMITHIN

SECTIONS. A minimum of 20 anthers at each stage were collected
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from different staminate buds and fixed with 2.5% (v/v) glutar-
aldehyde in 0.1 M phosphate buffer (pH 7) for 4 h at room
temperature. After three 20-min rinses with phosphate buffer,
anthers were postfixed with 1% (w/v) osmium tetroxide in the
same buffer for 16 h at 4 �C. After three more 20-min rinses,
anthers were dehydrated with a graded acetone series (10% to
90% acetone 20 min each, 100% acetone three times 30 min
each) and embedded in Epon812 resin (Structure Probe, West
Chester, PA).

Embedded anthers were cut into semithin (1 mm) sections
with an ultramicrotome (Ultracut R 705930; Leica Micro-
systems, Wien, Austria) and placed on glass slides. Sections
were labeled with 0.5% (w/v) basic fuchsin (85734–3; Sigma-
Aldrich, St. Louis, MO) based on the periodic acid-Schiff
(PAS) reaction for 30 min at room temperature as previously
described by Hu and Xu (1990). Polysaccharides and starch
grains, in particular, were stained red. Sections were then counter-
stainedwith 0.3% (w/v) SudanBlackB (19966–4, Sigma-Aldrich)
for 30 min at 60 �C to detect lipid droplets, which were stained
black. All sections were observed and photographed with a
research microscope (DMR; Leica, Deerfield, IL).

Results

Ricinus communis has unisexual flowers and is monoe-
cious, with staminate flowers located at the base of the
inflorescence and pistillate flowers at the top (Fig. 1A). A
staminate flower can generally produce over 100 stamens
(Fig. 1B). According to the developmental characteristics of
pollen, anthers are divided into seven stages: sporogenous
cell, microspore mother cell (MMC), tetrad, early microspore,
late microspore, early bicellular pollen, and mature pollen.
In each stage, staminate buds have different sizes (Fig. 1C),
and anthers with different staminate buds display distinct
morphological features (Fig. 1D). Unlike most angiosperms
with tetrasporangiate anthers, those of R. communis are
bisporangiate (Fig. 1E).

Following transverse sectioning, R. communis anthers from
different developmental stages could be divided into anther
wall sections or loculus sections, which contain MMCs or
pollen grains.

SPOROGENOUS CELL STAGE. The youngest anthers possess
differentiated sporogenous cells in the anther center and four
layers of cells in the anther wall. Sporogenous cells have
an indefinite form and are larger than the surrounding anther
wall cells. The ectoentad refers to the four anther cell wall
layers, namely, the epidermis, endothecium, middle layer, and
tapetum (Fig. 1E). The epidermis, endothecium, and middle
layer cells displayed higher vacuolization than the innermost
tapetal cells. Therefore, sporogenous and anther wall cells were
easily distinguished because tapetal cells had a higher cytoplas-
mic density than inner sporogenous cells and the other three
anther wall cells. Another evident feature of sporogenous cells
was the accumulation of some neutral lipids. By contrast, no
neutral lipids or starch had accumulated in the epidermis,
endothecium, or middle layer cells, and their accumulation
was minimal in tapetal cells (Fig. 1E).

MMC STAGE. Two evident changes occurred during the
transition from sporogenous cells to MMC: 1) the loosening of
the sporogenous cell arrangement, which produced large inter-
cellular spaces between cells; 2) the production of a thick PAS-
positive callose wall layer that surrounded the MMC (Fig. 1F).

Neutral lipid droplets in the cytoplasm ofMMCs became smaller
in size and fewer in number. Vacuolization in the epidermis,
endothecium, andmiddle layer cells remained high, but no starch
or neutral lipids were visible in these cells. Meanwhile, vacuo-
lization increased in tapetal cells, and both starch (red) and
neutral lipids (black) were visibly increased (Fig. 1F).

MICROSPORE TETRAD STAGE.Meiosis in R. communisMMCs
is simultaneous. Four tetrahedral microspores were observed to
be surrounded by the PAS-positive callose wall, and the micro-
spore cytoplasm contained some neutral lipids (Fig. 1G). Endo-
thecium cells of the anther wall grew significantly larger during
this stage, and vacuolization significantly increased. Tapetal
cells decreased in size as the large vacuoles disappeared and the
cytoplasm increased in density. Some starches were still visible
at this stage, but neutral lipids were not present (Fig. 1G).

EARLY MICROSPORE STAGE. When the callose wall of the
tetrad is dissolved, the four microspores are released and the
free microspores are markedly larger. The main characteristic
of early microspores is the location of nuclei in the cell center.
During this stage, microspores formed a cellulose intine that
was PAS positive, whereas the pollen exine was not yet formed.
The nucleolus was also PAS positive, thereby indicating the
presence of polysaccharides. The neutral lipid content of the
microspores declined compared with that of the tetrad micro-
spores, and starch started to appear (Fig. 1H).

Cells of the anther wall underwent some morphological
changes during this stage. Endothecium cells remained large in
size with high vacuolization. By contrast, epidermis and middle
layer cells were compressed into a thin layer and were only
visible in some parts of the anther wall. The boundary of tapetal
cells became indistinct. The cytoplasm of these cells became
disorganized, and vacuoles began to reappear. The starch content
increased, and a few small neutral lipid droplets were visible in
the tapetal cytoplasm (Fig. 1H).

LATE MICROSPORE STAGE. A feature of microspore develop-
ment is the formation of a large vacuole, which pushes the
microspore nucleus to the cell periphery to generate cell polarity
(Fig. 2A). The polarity determines whether microspores become
male gametophytes. At this stage, the large vacuole takes up
almost the entire cellular volume; hence, this stage is also known
as the vacuolated microspore stage. On the surface of the red-
stained cellulose intine, a layer of pollen exinewas formed (Fig. 2A).
Late microspores contained no neutral lipids, but a few starch
granules were present in the narrow cytoplasmic zone. During
this stage, the cells of the anther wall underwent noticeable
modifications. The epidermal cells completely disappeared,
whereas the outermost endothecium layer thickened. Starch and
neutral lipids were not detected in tapetal cells, and the
morphology of these cells was unclear because of the low density
of the cytoplasm. In some parts of the tapetum, pollen grains were
found inserted in the tapetal cells; a large amount of material was
visible between the pollen grains in the anther loculus (Fig. 2A).

BICELLULAR POLLEN STAGE. After microspore mitosis, the
bicellular pollen grain contains a small generative cell and
a large vegetative cell. The large vacuole in the vegetative cell
began to decompose at this stage, and several small vacuoles
appeared in the larger vacuole. The smaller vacuole membrane
was stained darker, which indicated the higher lipid content of
the vacuole membrane. Starch grains were abundant in the
vegetative cytoplasm, but neutral lipids were much less
abundant (Fig. 2B). Following the disappearance of the large
vacuole of vegetative cells, the nucleus migrated to the cell
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center and the amount of starches
increased. Endothecium cells un-
derwent radial wall thickening, but
polysaccharides were not present in
these cells. The degenerated tapetal
cells contained some vacuoles, and
neutral lipids were present in the
cytoplasm (Fig. 2C). The generative
cell was still attached to the pollen
intine, whereas the cytoplasm con-
tained no starch or neutral lipids,
although a lipid layer was visible on
the cell surface (Fig. 2D). As anther
development progressed, endothe-
cium cells did not undergo any
remarkable changes, whereas tape-
tal cells were completely degener-
ated. Cells of the middle layer
became larger but did not accumu-
late starches or neutral lipids.
Starches continued to increase in
pollen (Fig. 2E). The generative cell
departed from the pollen intine and
migrated to the center of the vege-
tative cell to settle beside the vege-
tative nucleus (Fig. 2F).

MATURE POLLEN STAGE. As the
bracteoles of the staminal flower break,
pollen grains reach maturity and pre-
pare for pollination. During this stage,
middle layer cells of the anther wall
disappeared, thereby leaving a single
layer of endothecium cells that
exhibited remarkable radial and inner
tangential wall thickening (Fig. 2G).
In mature pollen, the lipid content
markedly increased, whereas the
starch content declined (Fig. 2H).
Therefore, neutral lipids were the
main nutrient reserve in mature R.
communis pollen.

Discussion

The development of anthers in
angiosperms involves the coordinated
interaction of several types of tissues
and cells to produce tricellular male
gametophytes (Goldberg et al., 1993).
To ensure sufficient energy and ma-
terial for pollen germination, mature
pollen accumulates abundant nutri-
ents in the form of starch grains and/
or neutral lipids. By contrast, protein
reserves are not as abundant as they
are in the seeds (Pacini, 1996). In this
investigation, we observed that the
starch grains and neutral lipids were
highly accumulated in the mature
pollen grains of R. communis. This
result was similar to that reported for
Magnolia ·soulangeana, Ipomoea

Fig. 1. Morphology of inflorescences, pistillate flowers, staminate flowers, and anthers of Ricinus communis, as
well as the starch and lipid distribution in young anthers. (A) Inflorescence of R. communis. Pistillate flowers
(white arrow) are located near the top, and staminate flowers (red arrow) are at the base. (B) Staminate flower
bud showing hundreds of anthers. (C) Staminate flower buds during the seven developmental stages:
sporogenous cell, microspore mother cell (MMC), tetrad, early microspore, late microspore, early bicellular
pollen, and mature pollen. (D) Anthers during the seven stages. (E) Transverse section of an anther at the
sporogenous cell stage. Neutral lipids (stained black) are evident in the center of sporogenous cells, and some
starch (stained red) is visible in tapetal cells. (F) MMC stage. MMCs are wrapped in red callose walls, and
neutral lipids are visible in the cytoplasm. Limited starch and neutral lipids are present in tapetal cells.
(G) The tetrad stage is characterized by four microspores wrapped in red callose walls, and some neutral
lipids are present in the microspores. Tapetal cells decrease in size, and very little starch is visible in the
cytoplasm. (H) During the early microspore stage, free microspores form the red pollen intine. Neutral lipids
are now completely absent from the microspores, and more starch is visible in tapetal cells; A = anther, En =
endothecium, CW = callose wall, Ep = epidermis, In = intine, M = microspore, ML = middle layer, MMC =
microspore mother cell, N = nucleus, PF = pistillate flower, SF = staminate flower, SC = sporogenous cell,
T = tapetum; bars: (A, C) 10 mm, (B) 5 mm, (D) 1 mm, (E, F, G, H) 20 mm.
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cairica, andAmomum villosum (Dinis
and Coutinho, 2009; Lin et al., 2014;
Liu et al., 2011), but differed from
those forMangifera indica and wheat
(Triticum aestivum) store starch
grains, Brassica campestris stores
lipid exclusively, and Campsis radi-
cans stores starch grains, neutral
lipids and protein in the pollen grains
(Konyar et al., 2013; Li et al., 2013;
Ma et al., 2011; Xie et al., 2005).
These results suggested that nutrient
accumulation in mature pollen grains
was a species-specific characteristic.

Sugars from plant vegetative or-
gans are the main fuel for anther
development. The regulation of this
process has not been reported in
detail. Sugars can be transferred
across anther somatic tissues to
microspores and pollens (Ekici and
Dane, 2012; Konyar et al., 2013). In
this study, we found that starch grain
deposition in tapetal cells showed
dynamic variation. From the sporog-
enous cell stage to the early micro-
spore stage, starch grains gradually
increased in tapetal cells, but there
were no starch grains present in the
microspores. On the basis of the PAS-
positive reaction of the callose wall
and pollen intine, and starch may be
transformed into other types of poly-
saccharides (Castro and Clement,
2007). Therefore, starch grains were
involved in the formation of the cal-
lose wall and pollen intine. However,
previous investigations demonstrated
that the intine layer is deposited after
mitosis (Sharma et al., 2015b). At the
late microspore stage, starch grains
began to accumulate in the micro-
spores, and plentiful starch grains
were present in the bicellular pollen.
Given that generative and sperm cells
are in a state of higher osmolality
(Deng et al., 2012), we suppose that
the high osmolality of the anther
loculus is essential to allow anthers
and pollen to absorb sugars from plant
vegetative organs.

The transformation pattern of
nutrient reserves is complex and
variable during anther development
in different plant species. Polysac-
charides can convert into neutral
lipids and vice versa. In plants, such
as M. indica and wheat, sugar is
transferred from vegetative plant
organs to anthers, mature pollen
only accumulates starch, and mate-
rial conversion does not occur (Li

Fig. 2. Starch and lipid distribution in olderRicinus communis anthers. (A) In late microspore stage anthers, a large
vacuole occupies almost the entire cellular volume, and epidermal cells have degenerated. Some starch appears
in the vacuolated microspore cytoplasm, whereas small amounts of neutral lipids are present in tapetal cells.
(B) During the early bicellular stage, the large vacuole in bicellular pollen decomposes and larger amounts of
starch are present in the pollen. (C) Following anther development, the epidermis of the anther wall completely
degenerates, and endothecium cells undergo radial and inner tangential wall thickening. Tapetal cells degenerate
and some neutral lipids are visible in their cytoplasm. (D) The large vacuole in the vegetative cell of bicellular
pollen completely disappears, and the smaller generative cell on the pollen wall is visible. Starch increases in the
vegetative cell, and some neutral lipids are located on the generative cell surface, but starch and neutral lipids are
not present in the center of the cell. (E) Following further anther development, tapetal cells are completely
degenerated andmiddle layer cells become enlarged. (F) The generative cell dissociates from the pollenwall and
moves into the center of the vegetative cell. Starch is still predominant in pollen. (G) At anthesis, the anther wall
consists of a single layer of endothecium cells. (H) Mature pollen is filled with neutral lipids, and the starch
content is sharply decreased; En = endothecium, Ex = exine, GC = generative cell, In = intine, ML = middle
layer, N = nucleus, P = pollen, T = tapetum, V = vacuole, VC = vegetative cell, VM = vacuolar membrane; bars:
(A) 20 mm, (B, D, F, H) 7 mm, (C, E, G) 10 mm.
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et al., 2013; Ma et al., 2011). The mature pollen of
B. campestris exclusively stores lipid, presumably by converting
absorbed sugars (Xie et al., 2005). Conversely, the pollen of
M. ·soulangeana can transform neutral lipids into starch (Dinis
and Coutinho, 2009). In I. cairica and A. villosum, both neutral
lipids and starch accumulate in mature pollen grains, thereby
suggesting the conversion of sugar into neutral lipids (Lin et al.,
2014; Liu et al., 2011). The conversion of polysaccharides into
neutral lipids and proteins occurs in the C. radicans pollen
grains (Konyar et al., 2013). In the present study, we found that
starch began to accumulate in vacuolated microspores of
R. communis, which differed from the reports that nutrient re-
serves begin to accumulate in M. indica, wheat, B. campestris,
M. ·soulangeana, and I. cairica at the bicellular pollen stage, as
well as in A. villosum at the MMC stage. We also observed that
microspores absorbed neutral lipids from tapetal cells, and
pollen was filled with starch grains and not neutral lipids at the
bicellular pollen stage. Moreover, neutral lipids partially
appeared to replace starch grains at the mature pollen stage.
These results indicated the ability to transform neutral lipids
into starch grains and vice versa in pollen of R. communis.
Given the changes in starch grains and neutral lipids in
developing anthers, the dynamic distribution of starch granules
and neutral lipids in anthers of R. communis and the exact time
of transformation of nutrient reserves are characteristic features
of R. communis.

Tapetal cells of the anther wall form the innermost layer that
directly interacts with the developing gametophytes (Pacini
et al., 1985). The tapetumplays an important role in the exchange
of nutritional, structural, or regulatory compounds between the
sporophytic anther tissues and developing male gametophytes
(Schrauwen et al., 1996). The mutation of a gene in tapetal cells
affects pollen wall formation (Ariizumi et al., 2004). In our
study, the morphological change in tapetal cells occurred at the
late microspore stage. The cytoplasm density increased and
numerous neutral lipids were present in tapetal cells, which
implied that these characteristics were closely related to active
lipid metabolism in tapetal cells. The sporopollenin exine of
pollen is made of neutral lipids (Samuels et al., 2008;Wilson and
Zhang, 2009). Our experiments showed that the pollen wall was
formed from two layers, namely, the cellulosic intine and
sporopollenin exine. During microspore development of
R. communis, the cellulosic intine was first to become visible and
tapetal cells were stained red, thereby indicating polysaccharide
accumulation. Pollen drives intine formation (Yadav et al.,
2014), so sugars in tapetal cells are absorbed by pollen to
construct the cellulosic intine. Following microspore develop-
ment, the second sporopollenin exine layer was formed from
neutral lipids. Moreover, the sugar content in tapetal cells
decreased during this stage, whereas the lipid content increased.
The lipid metabolism of tapetal cells was involved in exine
formation. The dynamics of sugars and neutral lipids in tapetal
cells displayed distinct spatiotemporal characteristics that cor-
responded to pollen development.

The epidermis and endothecium were previously reported to
remain in mature anthers at anthesis, whereas the tapetum and
middle layers were completely degraded during anther develop-
ment (Sharma et al., 2015a). Our present results showed that the
epidermis of R. communis anthers was similarly degenerated.
Mature anthers only had a single layer of remaining endothecium
cells, which suggested these cells could protect pollen develop-
ment. Furthermore, we observed visible thickening in the radial

and inner tangential walls, which produced unequal strength
upon exposure to air at anthesis. The anther wall usually has a
single layer of endothecium cells. However, A. villosum anthers
were recently shown to contain several layers (Lin et al., 2014).
These differences are another example of endothecium diversity
in anther development.

Conclusions

The pattern ofmetabolism and distribution of starch and lipids
varies in anthers of different plants. The histochemical analysis
of the anthers in R. communis presented in this study has
expanded our knowledge of this variety involved in crucial
development processes such as late microspores stage, late
bicellular stage and anthesis. Importantly, we observed that the
accumulation of reserve substances began at the late microspores
stage, and plentiful amount of starch granules and lipids were
stored in pollens at anthesis. Moreover, we found the cytoplasm
of tapetal cells, which supplied nutrient substance for pollens,
was filled with lipids from the late microspore stage to the late
bicellular stage. These results shed light on our understanding of
the physiological changes involved in pollens development.
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