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ABSTRACT

The ontogeny of pollen wall in Panax ginseng was studied with transmission and zcanning electron

microscopy from early tetrad stage until pollen matarity. Initial indication of exine development iz undulation

of plagsma membrane forthe preparation of bacular mound. The first recognizable structure of the pollen wall iz

the cellulosic primenine which iz formed outside of the plasma membrane while microspore tetrads are still

surrounded by callose wall, As development proceeds, foot layer and baculum differentiation, callose

dizzolution and exine formation were progressad. During thiz process, sporepollenin ig depozited into the

extine, and then endexine development was followed. The intine, innermost pollen wall layer, iz developing

form hypertrophic Golgi vesicles. The thiclmess of exine iz very even on all along the pollen wall, but intine

thickness of apertural region iz thicker than that of nonapertural region, Mature pollen of ginseng is 20 pm in

size, tricolpate and shows fine reticulate sculpturing,
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INTRODUCTION

Two principal layers of pollen wall are intine and
exine, The inner, pecto—cellulosic in nature and more or
lsss uniform configuration is intine. The sxine iz the
outer, acetolysiz—resiztant layer, and algo resigtant to
phvsical and biological degradation (Bhojwani &
Bhatnagar, 1999). Bscause of this property of the exine,

pollen grains ars well pressrved in fossil deposits for a
long periods of time.

Fine structures of pollen wall have been described
from many species since last thirty years, but the organi-
zations of macromolecules to produce szine morpho-
logy are still unknown. The sculpturing of gymnospsrm
pollen was known ag less regular and complex than that
of angiosperms. The exine gensrally consist of two

layers, an outer sculpturing layer called sexine and innsr
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non—sculpturing lamellated layer called nexine (South-
worth, 1985).

Sexine further comprises roof-like outer layer called
tectum, and internal layer of upright rod-like elements,
called bacula. Nexine iz also comprized as two layers,
foot—layer and endexine. The exine iz typically four
layers consisting of tectumn, bacula, foot-layer and en-
dexine (Bhojwani & Bhatnagar, 1999; El-Ghazaly et
al., 2001). Howsver, the exine of Geranium iz charac-
terized by a psrforatsd foot-layer and missing sndexine
{(Stafford & Blackmore, 1991), therefore pollen wall iz
consisted with thres layers—tectum, unbranched bacula
and perforated foot—layer (Wehsr, 1995).

Although the ultrastructure of mature pollen exine
and the pattern of developmental changes leading to
pollen wall formation have been studied in numerous
genera such ag Cosmos (Dickinson & Potter, 1976),
Helignthus (Hormer & Pearson, 1978), Artemisia (Rowley
et al., 1981), Geranium (Weber, 1996), Arabidopsis
(Owen & Makaroff, 1995), Apium (Weber, 1989), Lede-
bouria (Hess, 1993), Hibiscus (Kim & Kim, 1995), Nel-
wmbo (Kreunen & Ogborn, 1999), Apilum (Weber, 1992},
no satisfactory explanation for the precize developmen-
tal pattern of pollen wall hag not yst investigated. And
the process of sporopollenin deposition into the exine
has not been understood in ultrastructural level during
MICOrsporogenesis.

Therefors, the purpose of thiz study iz to describe fine
structural changes of pollen wall development. This
rezearch addresses two specific questions. First, what
are the ultrastructural similities andfor differences in the
origin and development of exins in ginseng comparing
other species, second, what cellular or extracellular strue-
tures are engaged in the development of exine sculptur-

ing pattern.

MATERIALS AND METHODS

For transmission slectron microscopy, anthers of 4-—

vears—old ginseng (Panax ginseng C.A. Meyer) were
primary fixed in 1% paraformaldehyde-2% glutaral-
dehyde in 100 mM cacodylate buffer (pH 7.0) for 2 hre
at 4°C. After rinsing in buffer for three times in 20 mui-
nutes each, secondary fixation was carried out in several
changes (5, 10, 20 min) of fixative containing 2% {wiv)
osmium tetroxide, 0.8% (wiv) potassium hexacyanofer-
rate (K,Fe(CW) in 100 mM cacodylate buffer at pH 7.0
befors exposing to final fizative for 1 hr at room tem-
peraturs. After rinsing in buffer, washing in distilled
water wag carried out for 10 minutes of three times be-
fore dehydration. After dehydration in sthanol series at
room terperaturs, smbeddment in Spurr’s low viscosity
regin (Polyscience) and polymerization were carried out
at 60°C for 24 hrs, Ultrathin sections were made using
Leica ultramicrotome (Ultracut E) and collected on for-
mvar coated nickel grids (100 mesh). Sections were con-
ventionally double stained with uranyl acetate and lead
citrate before observation with JEOL 1200EX-II elec-
tron microscope operating at 80kV,

For scanning slestron microscopy, maturs pollen
graing were collected from dehiscent anther, fixed and
wazhed same as transmission electron microscopy.
After complets dshydration in absolute sthanol, isoamy!l
—acetate substitution was carried out for critical point
drying. Hitachi E-1030 ion sputter was used for platin-
urm coating with 50 nm thickness. Flatinum coated pol-
len graing were observed with Hitachi S-4200 scanning

electron microscope at 15kV,

RESULTS

Development of exine, outer layer of pollsn wall,
starts at the time when the tetrad is still enclosed in the
callose wall at tetrad stage. In early tetrads, the micro-
spore plasma membrane 1= initially straight and in direct
contact with callose wall (Fig. 1). The sarliest indication
of pollen wall development is the thickening of plazma

membrane and formation of lamellar structure at the
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outzide of plasma membrane. At this stage of devel-
opment, undulation of the plasma membrane in each
microgpore ocour beneath the thickenings of membrana-
ceous structure (Fig, 2).

Thickenings of membranaceous strusturs and undula-
tion of plasma membrane were widen, and more and
more clearly vizible at primexine stage (Fig. 3}, Msm-
branaceous structures bsgan to changs into fibrous
structure, Dissolution of callose wall iz initiated at this
stage (Fig. 4). Young primexine has a lamellar appea-
rance especially on the convex surface of plasma mem-
brane, and undulation of plasma membrane is more pro-
gressed, and therefore clearly wisible, In late tetrad sta-
ge, the formation of primexine, represented the first in-
dication of the pollen wall formation. Primexine shows
fibrous appearancs (Fig. 5.

During the baculum formation stage (Figs. 6-8), un-
dulated convex surfaces of plasma membrane are chang-
ed into bacular mound. Primexine with microfibrilar
sellulosic layer beneath the calloze wall, hag uniformly
S50nm in thickness at early stage of development. Fibro
—granular structure of probaculum is began to be devel-
oped at the bacular mound for connection with prime-
zine (Fig, 6},

The probaculum gradually developed into the bacul-
um, which ig the vertical slement in pollen wall. The
fibrous primexine still remaing, and is sasily distingui-
ghed from more or less granular callose wall which =till
envelops the developing microspore (Fig., 7). As devel-
opment proceeds, the baculum shows lateral extention at
bacular mound to form foot-layer. At this stage, the tec-
tum formation was initlated at the outside of the prime-
xine in nonsculpturing region (Fig. 8).

At early stage of exine maturation, the baculum as
well ag foot—layer is well developed and thersfors, ex-
ine cavities are formed in-between tectum and ektex-
ine. Remnants of callose dissolutions are obzerved in
the exine cavitiss (Fig. 9. arrowhsads). Tectum is par-
tially spaced at late exine maturation stage (Fig. 9}, and

therefore the tsctum of mature pollen appears az a fine

reticulum (Fig. 14).

The tectum and foot-layer show equivalent thickness
at the time when pollen graing are mature. Two outstan-
ding features at pollen maturity are the appearance of
white lings in the foot-laysr, and parallsl development
of rER with pollen wall at the periphery of cytoplasm
(Fig. 10). Tapetal cells are still intact at late exine mat-
uration stags, even tangential cell walls are already ds-
generated. Pollenkitt droplets (Figs. 11-12. arrows) are
characteriatically located in exine cavities (Fig. 11).

After development of ektexine—composed of foot-
layer, baculum and tectum-—endexine follows its devel-
opment. Increased electron density can be differentiated
between ektexine and endexine in electron micrograph.
Before beginning of the development of intine which 1a
pecto—cellulosic in nature, ezine development was corm-
pleted. Intine formation was occurred by the active
development of hypertrophic Golgl vesicles at the peri-
phery of pollen cytoplasm. Fibrous materials (arrow-
heads) are begin to deposited at the endexine by fusion
of Golgl vesicles with plasma membrane (Fig, 12).

Mature pollen grain shows uniformly thick exine at
both apertural and non—apertural region. It shows re-
latively thin tectum (0.5 pm), well defined bacula, and
thick homogenous nexine (1.0 pm). On the other hand,
intine has 50 nm thickness in non—apertural region, and
1.7 pm thickness in apertural region. Fibrilar wall struc-
tures of endexine are obszerved in apertural region (Fig.
13). The mature pollen of ginseng, about 20 pm in size,
shows tricolpate, semi—tectate and fine reticulate in its

external tectum zculpturings (Fig. 14

DISCUSSION

The primezine iz the first—formed component of the
pollen wall, and there have been some discussions con-
cerning its chemical nature, From a comparative study
of the primexzins in Helleborus species, slectron micro-
geople configuration is considered as cellulosic (Echlin
& Godwin, 196%). And initial indication of exine devel-
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oprment 1z the formation of primexine on the plasma
membrane {Takahashi & Skvarla, 1990},

More definite information on the chemical nature of
primexzine has been obtained by cellulase digsstion of
tstrad during exins dsvelopment stage in Ziliume (Heslop
—-Harrison, 1968). The primexine has been known to be
ezzential for complete and perfect development of exins.
Furthermore, the primexine matrix shows a loose and
irregular fibrilar texture at early tetrad stage of micro-
spore development in Roudeletia odorata (El-Ghazaly
st al., 2001). It was also considered that the primexine iz
the primary location of sporopollenin deposition (Kreunen
& Ogborn, 1999),

The undulation of plasma membrane, at early tetrad
stage for preparing of primexine development, 1z the
genaral fsature at sarly stage of pollen wall blogenesis.
In thiz paper, developmental processes of primexine in
ginseng has no significant differsnces comparing Helle-
borus and Rowdeletia. The fibrous configurations of
early primexine (Figs. 3-5) are considered that its na-
ture 1z cellulosic. Regular undulation of plasma mem-
brane iz alzo thought to be the site of bacular mound in
thiz study.

Developmental processeses of baculum and foot—
layer of Qenothera biennis shows columella-like struc-
tures with high electron density at late tetrad stage (Ta-
kahashi & Skvarla, 1990). The baculum in Ronrdeletia
pollen iz the first formed wall component synthesized in
the fibrilar plasmamembrane coat at early tetrad stage.
Later in development, the center of baculum was been
obzcured by material of the zame elestron density as
sporopollenin,

The foot—layer was scarcely vizible at sarly stage, but
1t became more pronounced and similar stainability as
the tsctum. And the contact region of sndexine and
foot=layer shows white lines in Rondeletia odorata
(El-Ghazaly et al, 2001), and similar structures were
observed in other spscies (X1 & Wang, 1989, Rowlsy,
1996). These white lines were considered az the core

center of wall components (El-Ghazaly etal., 2001),

At exine maturation stage in ginzeng, the white line
(Figs. 10, 11) was clearly visible only at the stage of
active gporopollenin deposition stage, and therefore it
was considered as core site of sporopollenin deposition.
This digcussion could be supportsd by the appearancs of
the white lines in the orbicule which iz located in the
same thecal fluid at late exine formation stage (unpubl-
ished data).

The intine is characterized by a fibrailar appearance
which 1 quite distinet from the homogenous appearance
of the exine. It has not been well understood whether
firat appearance of intine occur before completion of ex-
ine formation or any other stage of development (Kreun-
en & Osborn, 1999). Intine development was known to
be oocurred after mitosiz of microspore (Roland, 1971),
however, itz formation was initiated before mitosis in
Rondeletia (Heslop—Harrizon, 1968). Although the ex-
act timing of intine initiation iz different from species to
gpecies of plants, Golgl vesicles are involved its devsl-
opment by exocytosis of the intine precursors into the
periplasmic space (Suarez-Cervera & Seoane—Camba,
1986; El-Ghazaly st al, 2001).

Exact stage of intine formation is not clear in ginseng,
but hypertrophic Golgl complexes developed in all peri-
phery of pollen cytoplasm after exine formation (Fig,
12}, Chemical nature of intine was known to be cellu-
losic, the inclusions in the Golgl vesiclss show fine fi-
brilar textures (Fig. 12. arrowheads). Electron densities
of intine in mature pollen grain ars very low comparing
high densities of exine (Fig. 13).

The complex exine structures are the storage sites for
carbohydrates, proteins, lipids, terpenoids, and phenolics,
all compounds of different chemical structure {Wiermann
& Gubatz, 1992}, The pollen wall between non-aper-
tural and apertural region showed non—uniform thic-
kness in Brasenia schreberi (Osborn et al, 1991). This
irregular thickness was also obszerved in Rondeletia
odorata such as bacula widen, foot—layer becomes thic-
ker, and endexine lamellae develop in non—apertural

region. At the apertural region, on the other hand, ba-
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cula widen, additional foot-layer iz deposited, and
sndexine lamsllas thicken and anastormose (Krsunen &
Ozborn, 1999). Bxine development in drabidopsis under
space flight Endeavour STE-54 was investigated and
showed no differences comparing ground cultivated
gpecies. Otherwize, the microspore cytoplasm became
disorganized, no viable pollen was developed in space
flight cultivated anther{(Kuang et al.,, 1993].

Pollen wall development beging at sarly tetrad stage
and finighed at free spors stage. And ektexine layers
mature more or less simultaneously; tectal elements
thicken, the baculum widens, and foot-layer thicken.
On the other hand, even though structural development
showed simultaneity, sporopollenin deposition into the
exine showed unsimultaneity (Kreunen & Ogborn, 1999).
Endexine development occurs after ektexine for-mation
(Blackmore & Barnes, 1990}, but it 1z difficult to distin-
guish between endexine to ektexine, Furthermors, the
endexine and foot—layer commonly have similar elec-
tron denaities (Weber, 1998),

At late of exine formation stags, slectron densitiss of
ektexine and endexine show no differences (Figs. 10,
113, but at pollen maturity, endexine shows higher
slectron density than sktexine at intine formation stags
(Fig. 12) and in mature pollen (Fig. 13). The thickness
of exine ig very even in both apertural and non-apertu-
ral region in ginseng , and tectumn iz relatively thin (0.5
M) comparing nexine (1.0 pm). On the other hand, the
thickness of intine 15 not even, such az 50 nm in non-

apertural region and 1.7 wm in apertural region.
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FIGURE LEGENDS

Figs. 1=5, primexine formation stage.

Fg, 1. Undifferentiated microspore, still swrounded with the callose wall (C), shows even plasma membrane (PM) at late tetrad
stage, bar=0.4 pm

Fg. 2, Thickening of plasma membrane and myeline structure were thought to be preparations of exine formation, bar=0.2pm

Fg, 3. Undulation of plasma membrane (PW), at early stage, is the initial structural changes of exine development. bar =0.2pm

Fig. 4. Fibrous components are appeared in the calloge wall. bar=0.2pm

Fg. 5. Partial undulation of plasma membrane and prim exine (Pr) were claarly distinguishable, bar =0.2pm

Fgs, 6=8. Baculum formation staze.

Fig. 6. Convex srfaces of plasma membrane mndulation are changed into bacular mound (BM) to form probaculum (Pb). Pr:
primexine. bar=0.3 pm

Fg. 7. Baculum is clearly visible. bar=0.4 pm

Fig. 8. Degradation of calloze after formation of baculum at late baculum formation stage. bar =02pm

Fgs, 9=11, Exine mahwation stage

Fg, 9. After development of baculum, exine formation was progressed. Mota the fibrouse materials (arrowheads) in between axine
cavities, bar=073 pm

Fg. 10, Manring pollen shows well devaloped exine (E), white lines in betwe en foot-layer and seare remnants of callose, Eough
endoplagmic reticulum (*ER) are developed parallel with pollen wall, bar =0.4 pm

Fig. 11. Pollenkitt droplets (arrows) are begin to developed after extine formation. Tapetam (T) i atill intact af this stage. bar =05
pm

Fg, 12, Intine formation stage. Hypertrophic Golgl complex (G) are well differentiated for depoasition of fibrous materials
{arrowheads) for intine formation. Arrows indicate pollenlitt dropletss. bar =0.3 pm

Fg. 13, Mature pollen. Well developed pollen wall, thick intine in aperfiral region, prominent naclens (M) and plastid(P) are typical
confizuration of matare pollen grain. Mote the electron dense inchusion {asterisle) in the cytoplasm of pollen. bar=1.5pm

Fig. 14. 3EM image of mature pollen grain shows 20 pm in gize and tricolpate aperture, Sculpturing pattern of exine iz fine
reticulate with 0.2~ 0.6 pm in width of cavities. bar=3.5 um
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