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� Background and Aims Free-flowing surface exudates at the stigmatic (wet versus dry stigma) and adaxial
epidermis at the site of angiospermy in carpels of Chloranthaceous species have been proposed to comprise a
continuous extracellular matrix (ECM) operating in pollen tube transmission to the ovary. The aim of this research
was to establish the spatial distribution and histo/immunochemical composition of the ECM involved in pollen tube
growth in Sarcandra glabra and Chloranthus japonicus (Chloranthaceae).
�Methods Following confirmation of the pollen tube pathway, the histo/immunochemical make-up of the ECMwas
determined with histochemistry on fresh tissue to detect cuticle, esterase, proteins, pectins, and lipids and immuno-
localization at the level of the TEM on sections from cryofixed/freeze-substituted tissue to detect molecules
recognized by antibodies to homogalacturonans (JIM7, 5), arabinogalactan-proteins (JIM13) and cysteine-rich
adhesion (SCA).
� Key Results Pollen germinability is low in both species. When grains germinate, they do so on an ECM comprised
of an esterase-positive cuticle proper (dry versus wet stigma). Pollen tubes do not track the surface ECM of stigma or
adaxial epidermal cells at the site of angiospermy. Instead, tubes grow between stigmatic cells and subsequently
along the inner tangential walls of the stigmatic and adaxial carpel cells at the site of angiospermy. Pollen tubes enter
the ovary locule at the base of the funiculus. The stigmatic ECM is distinct by virtue of the presence of anti-JIM5
aggregates, lipids, and a protein recognized by anti-SCA.
� Conclusions The Chloranthaceae joins a growing number of basal angiosperm taxa whereby pollen tubes ger-
minate on a dry versus wet stigma to subsequently grow intercellularly en route to the ovary thereby challenging
traditional views that the archetype pollen tube pathway was composed of the surface of stigma and adaxial
epidermal cells covered with a free-flowing exudate.
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INTRODUCTION

The Chloranthaceae, a basal angiosperm taxon, is composed
of approx. 65–75 extant species and four extant genera,
Ascarina, Chloranthus, Hedyosmum and Sarcandra (Zhang
and Renner, 2003; Eklund et al., 2004). The systematic
position of Chloranthaceae within the basal angiosperms
has long been uncertain (Eklund et al., 2004), a situation
still not resolved because recent molecular phylogenies
place the family in various positions above the ‘ANITA’
grade, a paraphyletic group of seven taxa now situated at
the base of the angiosperm phylogeny (Qiu et al., 1999;
Mathews and Donoghue, 2000; Soltis et al., 2000; Sun et al.,
2002; Zanis et al., 2002; Friis et al., 2003). The Chlor-
anthaceae is a key taxon because it has played an important
and long-standing role in the discussion on the origins and
early evolution of reproduction in flowering plants due to
the development of primitively simple flowers with a fossil
record that extends back to the Early Cretaceous (Crane
et al., 1989; Herendeen et al., 1993; Friis et al., 1994,
1999; Eklund et al., 1997).

The gynoecium of the perianthless flowers of
Chloranthaceae shares many features found in other mem-
bers of basally rooted angiosperms (Endress and Igersheim,
2000). The carpel is ascidate and lacks a style. As well,

carpel closure (angiospermy) occurs by production of a
secretion in the absence of post-genital fusion (Endress
and Igersheim, 2000). Exudates at the epidermal surface
at the site of angiospermy appear continuous with those
at the surface of epidermal stigmatic cells and the ovary
locule (Endress, 1986, 1994; Endress and Igersheim, 2000).
Thus, in addition to playing a role in carpel closure, secre-
tions at the site of angiospermy have been proposed to
function in transmission of the pollen tube from the region
of pollen capture, hydration, and germination at the stigma
to the ovary with pollen tube growth occurring along the
surface of the adaxial carpel epidermis (Edwards, 1920;
Endress and Igersheim, 2000). Although structural studies
have provided insight into the distribution and potential
role of epidermal surface exudates in carpel closure, histo/
immunochemical information on these secretions is absent
for the taxon as is data confirming their role in pollen tube
transmission from the stigma to the ovary. In angiosperms,
the network of molecules involved in pollen tube growth
situated external to the plasmamembrane form a specialized
transmitting tissue extracellular matrix (ECM; Lord,
2003). Some ECM molecules, important in compatible
pollen tube growth in transmitting tissue of other angio-
sperms, include calcium, pectins, lipids, arabinogalactans/
arabinogalactan-proteins (AGs/AGPs) as well as other pro-
teins (Wu et al., 2000; Lord and Russell, 2002; Khosravi
et al., 2003; Kim et al., 2003) to include cysteine-rich* For correspondence. E-mail tsage@botany.utoronto.ca
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adhesion (SCA), a lipid-like transfer protein recently
described from lily (Mollet et al., 2000; Park et al., 2000;
Park and Lord, 2003).

The purpose of this study was to examine the ECM pro-
duced by the gynoecium of species from two of the sister-
groups within the Chloranthaceae with bisexual flowers,
Sarcandra glabra and Chloranthus japonicus. Two basic
questions were addressed: (1) Does the ECM at the stigma
and site of angiospermy form a continuous pathway for
pollen tube growth to the ovary locule whereby pollen
tubes grow solely along the surface of the carpel epidermis?
(2) What is the histo/immunochemical nature and organiza-
tion of the ECM at the stigma and other transmitting tissues?

MATERIALS AND METHODS

Plant material

Plants of Sarcandra glabra and Chloranthus japonicus were
grown in the University of Toronto greenhouse facility at
day/night temperatures of 25 6 3 �C/22 6 2 �C, respect-
ively, with an average light intensity of 300 mm�2 s–1. Plants
were watered daily and fertilized once a week with a
20 : 20 : 20 NPK mix. Flowers were pollinated with both
cross- and self-pollen at stigma receptivity, the timing of
which has been described by Tosaki et al. (2001). For each
species, four or five plants were used for pollinations.
Pollinations were conducted over a 3-month period of
flowering.

Pollen tube pathway

To confirm the pathway of pollen tube growth, and hence
distribution of transmitting tissue ECM, 17–24 flowers per
plant were pollinated with cross- and self-pollen and
harvested at 24 and 48 h and prepared for aniline-blue
fluorescence microscopy as described by Martin (1959).
Pollinated gynoecia of each species were also prepared
for serial sectioning of resin embedded samples for obser-
vation at the light microscope level 24 and 48 h (n = 14
flowers per plant per harvest time) after cross-pollination
and 3 h and 5 d following cross- and self-pollination (n = 5
flowers per plant per pollination treatment) as described by
Pontieri and Sage (1999). Serial sections were stained with
toluidine blue (O’Brien et al., 1964).

Transmitting tissue ECM composition

Histochemical features of the unpollinated gynoecial
ECM were characterized on both whole mounts and free-
hand sections of fresh carpels (n = 17–40 carpels per his-
tochemical stain per species) at stigma receptivity using the
following stains: (a) 0�01% auramine-O in 0�05 M TRIS/
HCl buffer at pH 7�2 observed under UV light for lipids and
cutin (Heslop-Harrison and Shivanna, 1977); (b) nile red in
75% glycerol for neutral lipids (Greenspan et al., 1985); (c)
0�001% 8-anilinonapthalene-1-sulphonic acid (8-ANS)
observed under UV for proteins (Mattsson et al., 1974;
Fulcher and Wong, 1980); and (d) indoxyl acetate in

0�1M TRIS/HCl buffer at pH 7�0, in 0�1M potassium ferro-
cyanide and potassium ferricyanide for detection of non-
specific esterase activity of the stigma pellicle (Dejong et al.,
1967). Controls for nonspecific esterase activity were run by
omitting the substrate. Controls for remaining histochem-
ical reagents were run by omitting the stain.

The presence or absence and spatial distribution of
molecules recognized by antibodies to the high methyl-
esterified homogalacturonans (JIM7), low methyl-esterified
homogalacturonans (JIM5), an arabinogalactan-protein
(JIM13), and the cysteine-rich adhesion from lily (SCA;
Park et al., 2000) was determined using immunolocaliza-
tion at the level of the transmission electron microscope
(TEM). Unpollinated flowers in the female phase of onto-
geny at the time of stigma receptivity were cryofixed,
freeze-substituted, and embedded as described by Lam
et al. (2001). Serial sections (70 nm thick) of six to nine
carpels per plant per species were collected on formvar-
coated grids and incubated with monoclonal antibodies to
JIM7, JIM5 and JIM13 (PlantProbes, Leeds, UK), and poly-
clonal antibodies to SCA (Elizabeth Lord, UC Riverside,
CA, USA). Primary and secondary (anti-rat IgG-gold con-
jugate 18 nm for JIMs; anti-rabbit IgG-gold conjugate
18 nm for SCA; Jackson Immunoresearch, West Grove,
PA, USA) antibody dilutions were 1 : 50 and 1 : 20 respect-
ively. Incubation times in 1� and 2� antibodies were 2 and
1 h, respectively, for JIMs and 6 and 1 h, respectively,
for SCA. Controls were run by omitting 1� antibody. To
determine antibody specificity and distribution, localization
events of anti-JIMs and anti-SCA were quantified on an area
basis by determining the number of gold particles mm�2

using Image-Pro Plus (Media Cybernetiks, Silver Springs,
MD, USA). Density values for each antibody were determ-
ined at the surface, between, and base (tangential wall) of
stigmatic epidermal cells, as well as epidermal cells at
the abaxial carpel surface and adaxial surface at the site
of angiospermy, to determine if transmitting tissue ECM
was unique in composition. First, all density values at each
epidermal location for each antibody per carpel were con-
trasted using one-way ANOVA (Sigma Stat 2.03). No
differences were observed between carpels, therefore all
values per carpel per antibody were pooled for each location
at each respective epidermal position. Density values per
antibody were then contrasted between the stigma and abax-
ial epidermis and stigma and adaxial epidermis at the site
of angiospermy at the surface, between and base of each
respective epidermal cell. Images were captured on the
Phillips 201 TEM equipped with an Advantage HR Camera
System (Advanced Microscopy Techniques Crop, Danvers,
MA, USA).

General structural features

Sections from cryofix/freeze-substituted female phase
carpels prepared for TEM were also used to determine
general cytoplasmic features of cells comprising the trans-
mitting tissue and the associated ECM. As well, cryofix/
freeze-substituted gynoecia were prepared for scanning
electron microscopy (SEM) as described by Thien et al.
(2003).
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RESULTS

Observations on the pollen tube pathway and composition
of the gynoecial ECM were the same for both Sarcandra
glabra and Chloranthus japonicus. Therefore, only results
for S. glabra will be presented.

Pollen tube pathway

Tubes from germinating pollen first grow downward
between stigmatic epidermal cells (Fig. 1A and B) and
subsequently intercellularly towards the carpel margin at
the site of angiospermy within an expanded ECM at the
base of stigmatic epidermal cells (Fig. 1A and B). Upon
reaching the base of epidermal cells at the site of angio-
spermy, pollen tubes change direction and again grow
downward, but still intercellulary within an expanded
ECM of the inner tangential wall of the epidermal cells
along the site of angiospermy towards the ovary locule
(Fig. 1B and C). Pollen tubes then exit the site of intercel-
lular growth at the base of the funiculus where they continue
to grow within the ovary locule along the adaxial carpel
surface (Fig. 1D) to finally enter the ovule micropyle
(Fig. 1E). Pollen tubes penetrate the ovule micropyle by
24 h post-pollination at which time the embryo sac contains
two polar nuclei, numerous antipodal cells, an egg cell
(Fig. 1E) and two synergids as noted previously by Yoshida
(1957, 1960) as cited by Davis (1966).

The aforementioned patterns of pollen tube growth were
observed in only 20 flowers of over 100 cross-pollinated
flowers per species and three of over 100 self-pollinated
flowers per species. In general, pollen tube growth was
observed in two or three flowers per plant for every 20
flowers cross-pollinated per plant and one of every 15 flow-
ers per plant receiving self-pollen. Within flowers with
germinating pollen, the percentage of cross-pollen grains
germinating was approx. 7% with only 1% of germinated
grains reaching the ovule micropyle. The percentage of self-
pollen germination was <1%. Germinating pollen grains
that do not reach the micropyle cease growth within the
expanded ECM. Inspection of serially sectioned pollinated
carpels indicates that approx. 89% of grains contain cyto-
plasm, a vegetative nucleus and nucleated generative cell.

Transmitting tissue ECM composition

The ECM of the stigmatic epidermal cells is composed of
an outermost region histochemically positive for esterase
activity (Fig. 2A and B), 8-ANS (Fig. 2C), nile red (Fig. 2D)
and auramine-O (Fig. 2E). In each instance, staining is
continuous over stigmatic epidermal cells with localized
regions of increased staining resembling droplets in the
case of nile red (Fig. 2D) and auramine-O (Fig. 2E) that
vary in size. Droplets positive for auramine-O (Fig. 2E) and
nile-red are also present in the expanded ECM at the base of
stigmatic epidermal cells. Similar osmiophilic droplets are
also observed in sections of cryofixed tissue (Fig. 2F)
indicating that droplets are not artefacts of fresh tissue
preparation.

The ECM of the stigma epidermal cells is structurally and
immunologically heterogeneous at the level of the SEM and

TEM (Figs 3 –5). The primary wall of the surface of stig-
matic epidermal cells is immunopositive for JIM7 (Fig. 3C
and G) and JIM5 (Fig. 3E). Anti-JIM7 is dispersed equally
throughout the primary wall (Fig. 3C), whereas anti-JIM5 is
present primarily towards the outer periphery of the primary
wall (Fig. 3E). A continuous, thinly lamellate, outer region
that varies in thickness (Fig. 3C and E) overlies large expan-
ded peg-like areas of ECM that extend from the primary
wall and localize with anti-JIM7 (Fig. 3C and G). Pockets of
anti-JIM5 aggregates (Fig. 3E), as well as spherical areas
with an absence of any immunopositive compounds
(Fig. 3G), are embedded within this anti-JIM7-rich ECM.
The spherical immunonegative areas are interpreted to be
the equivalent of the auramine-O- and nile-red-positive
regions described above. The expanded peg-like regions
of ECM that localize with anti-JIM7 and anti-JIM5 are
divided by channels (Fig. 3G) that are 0�06 6 0�004 mm
(n = 48) in diameter. Anti-JIM7 is also dispersed throughout
the primarywall between adjoining stigmatic cells (Fig. 3H),
whereas anti-JIM5 is localized exclusively within the
middle lamella (Fig. 3I). The expanded ECM where pollen
tubes will grow intercellularly at the base of stigmatic epi-
dermal cells is immunopositive for JIM7 and JIM5,
although JIM5 is evenly dispersed throughout and not pre-
sent in localized pockets as observed in the ECM at the
surface of stigmatic epidermal cells. Anti-JIM13 localizes
to the plasma membrane/primary wall boundary at all loca-
tions of stigmatic epidermal cells (Fig. 4A and B).

The ECM associated with the adaxial carpel epidermal
cells at the site of angiospermy and abaxial epidermal carpel
cells is different at the histo/immunochemical level from the
ECM of stigmatic epidermal cells at stigma receptivity. The
ECM at both sites is not histochemically positive for
esterase (Fig. 2B), 8-ANS, or nile red, but is positive for
auramine-O except for an absence of droplets. An undulat-
ing, thick cuticle covers a primary wall of the surface of
abaxial epidermal cells (Fig. 3B, D and F). The primary wall
is immunopositive for anti-JIM7 (Fig. 3D) and anti-JIM5
(Fig. 3F), both of which are evenly distributed, and is quant-
itatively distinct from that of stigmatic epidermal cells with
respect to the density of anti-JIM7 (Fig. 5A). The ECM
between the abaxial epidermal cells is also quantitatively
distinct from that of the stigma with respect to anti-JIM7
density, whereas the ECM at the base of adaxial epidermal
cells is significantly different for anti-JIM5 (Fig. 5A). The
ECM at the base of the abaxial epidermal cells is not expan-
ded as observed at the stigma. The ECM associated with the
surface of the adaxial epidermis at the site of angiospermy is
ultrastructurally similar to that of the stigmatic epidermal
cells except for an absence of anti-JIM5 aggregates and
spherical immunonegative regions. The surface ECM of
adaxial epidermal cells that are continuous with the
funiculus is associated with papillate epidermal cells
(Fig. 1C) and is separated from the ECM produced by
the epidermis on the opposite side of angiospermy by the
cuticle. Epidermal cells of the opposite side at the site of
angiospermy are tabular (Fig. 1C) and the ECM is approx.
3· as wide as that of the opposing papillate cells. The ECM
at the surface, between, and base of the adaxial epidermal
cells contains significantly higher immunodensity of
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F I G . 1. Fluorescence and lightmicrographs illustrating pollen tube growth in Sarcandra glabra. Single arrows label pollen grains.White arrowheads denote
pollen tubes. Double arrowsmark epidermal adaxial surface at site of angiospermy. (A) Pollen tube growth between stigmatic papillae. Six-pronged and five-
pronged asterisks label expanded ECM and ungerminated pollen grain, respectively. Whole-mount, aniline blue fluorescence and cryo-fixed, 1�5-mm resin-
embedded section, toluidine blue (insert). (B) Intercellular pollen tube growth at base of stigmatic epidermal cells and adaxial epidermal cells at the site of
angiospermy. Free-hand section, aniline blue fluorescence. (C) Intercellular pollen tube growth at base of adaxial epidermal cells at the site of angiospermy.
Asterisk marks papillate adaxial epidermal cells. Free-hand section, aniline blue fluorescence and cryo-fixed, 1�5-mm resin-embedded section, toluidine blue
(insert). (D) Pollen tube exiting intercellular growth at base of funiculus (black arrowhead) and entering site of extracellular growth in ovary locule. Free-hand
section, aniline blue fluorescence. (E) Pollen tube growthwithin ovule micropyle and nucellus. Embryo sacs at the time of pollen tube entrance into the ovule
micropyle contain two unfused polar nuclei (upper inset), numerous antipodals (middle inset), an egg cell (low inset) and two synergids (not shown). Free-
hand section, aniline blue fluorescence, and cryo-fixed, 1�5-mm resin-embedded section, toluidine blue (inserts). Scale bars = 20 mm. a, Antipidal cells; e, egg

cell; E, embryo sac; F, funiculus; II, inner integument; N, nucellus; p, polar nuclei; SP, stigmatic papilla.
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anti-JIM5 versus that quantified for stigmatic epidermal
cells (Fig. 5B). Anti-JIM13 localization is absent at the
site of angiospermy. No non-specific binding was present
on the Spurr’s resin outside of the sectioned tissue in the
presence and absence of 1� antibodies.

Anti-SCA localization is restricted to the stigmatic
epidermal surface and expanded ECM at the base of the
stigmatic epidermal cells (Fig. 4C–E) versus the ECM of
abaxial and adaxial epidermal cells at the site of angio-
spermy. Although present within the ECM of the surface of
stigmatic epidermal cells (x = 7�76 1�8 gold particles mm�2;

n = 28) and expanded ECM (x = 9�6 6 0�9 gold particles
mm�2; n = 31), the density of anti-SCA is significantly
highest (P < 0�05) in the notch between stigmatic cells
(Fig. 4C and D; x = 18�4 6 2�5 gold particles mm�2;
n = 28). Non-specific binding was only present in cells
with cryofixation damage and, therefore, these areas were
excluded from analysis.

The protoplast of stigmatic cells contains an extensive
endomembrane system composed of rough endoplasmic
reticulum, Golgi bodies, vesicles, and tubular-vesicular
endosomal-like arrays (Fig. 6). Cortical microtubule arrays
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F I G . 2. Histochemistry of stigmatic region of Sarcandra glabra at receptivity. (A) Arrowheads mark dark blue-positive esterase at cuticle surface of
stigmatic epidermal cells. Free-hand section of fresh tissue. (B)Lowmagnification viewof esterase-positive stigma (arrow). (C) 8-ANS-positive fluorescence
(arrowheads) indicating protein distribution at the cuticle proper and cuticular layer of the stigmatic epidermal cell. Fresh tissue whole mount. (D) Orange
nile-red-positive fluorescence demonstrating presence of neutral lipids (arrowheads) throughout the cuticle proper and cuticular layer of stigmatic epidermal
ECM. Fresh tissue whole mount. (E) Auramine-O-positive yellow-green fluorescence (arrowheads) showing presence of culticle. Arrows denote lipids in
expanded ECMbetween stigmatic epidermal cells and adjacent cells where pollen tubes will grow. Double arrowheadmarks primarywall.White arrowhead
notes auramine-O-positive droplet. Free-hand section of fresh tissue. (F) Arrow marks osmiophilic-positive droplets in expanded ECM between stigmatic
epidermal cells and subtending cells where pollen tubes will grow. Cryofix, serial section. Scale bars: B = 7 mm; A, C–F = 10 mm. SP, Stigmatic papilla.
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are abundant and vesicles and the tubular-vesicular
endosomal-like arrays are frequently tethered to the micro-
tubules (Fig. 6B and C). Golgi body-derived vesicles as well
as vesicles associated with the plasma membrane are
immunopositive for anti-JIM7 (Fig. 6D–F) and anti-SCA
(Fig. 6G).

DISCUSSION

The present study provides significant data on the spatial
features of pollen tube growth within transmitting tissue as
well as ultrastructure and composition of transmitting tissue
and associated ECM in carpels of Sarcandra glabra and
Chloranthus japonicus, two species of the basal angiosperm
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F I G . 3. Scanning and transmission electron micrographs of stigmatic and abaxial epidermal cells of Sarcandra glabra. (C–I) Immunolocalization of anti-
JIM7 or JIM5 (18 nmgold particles). (A)Heterogenous surface topology of stigmatic ECM. (B) Ridged surface topology of abaxial epidermis. (C)Anti-JIM7
in cuticular layer (arrows) and subtending primary wall of stigmatic epidermal cells. Arrowhead marks thinly lamellate cuticle proper. (D) Anti-JIM7 in
primarywall of abaxial epidermal cell. Arrowhead and asteriskmark thick cuticle and primarywall, respectively. (E) Ant-JIM in cuticular layer (arrows) and
primarywall of stigmatic epidermal cells. Arowhead denotes thinly lamellate cuticle. (F)Anti-JIM5 in primarywall of abaxial epidermal cell. Arrowhead and
asterisk mark thick cuticle and primary wall, respectively. (G) Anti-JIM7 in cuticular layer arrows and primary wall of stigmatic epidermal cell. Note large
spherical immunonegative spherical regions (asterisks) which are likely to correspond to nile-red- and auramino-O-positive regions. Arrowheads mark
channels separating homogalacturonan-rich areas within the cuticular layer. (H) Anti-JIM7 between stigmatic epidermal cells. Black arrowheads mark
middle lamella. White arrowheads denote gold particles in Golgi body-associated vesicles. (I) Anti-JIM5 in middle lamella (arrowheads) between stigmatic

epidermal cells. Scale bars: A and B = 10 mm; C–I = 200 nm. C, Cuticle; PW, primary wall; SP, stigmatic papilla.
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taxon, Chloranthaceae. Characterization of pollen tube
growth determined that, even though the ECM of the stigma
epidermal cells is continuous with the surface ECM of the
adaxial carpel epidermis at the site of angiospermy, pollen
tubes do not track the epidermal surface ECM en route to
the ovary. Rather, pollen tubes penetrate the ECM between
adjacent stigmatic epidermal cells, grow intercellularly in
an expanded ECM that extends along the tangential walls of
stigmatic epidermal cells and subsequently along the tan-
gential walls of adaxial epidermal cells at the site of angio-
spermy. Pollen tubes exit this ‘solid’ transmitting tissue at
the entrance of the ovary locule at the base of the funiculus.
Significantly, intercellular pollen tube growth at the stig-
matic surface occurs even if pollen grains land on the stigma
ECM at the entrance to the site of angiospermy. Evidence
demonstrates that, although the ECM of the stigmatic
surface of each species is heterogeneous in thickness and
composition, containing high and low methyl-esterified
homogalacturonans, lipids, and proteins, to include an
arabinogalactan-protein recognized by anti-JIM13 and a
protein recognized by anti-SCA, these components do not

comprise a free-flowing secretion but they are discretely
contained and organized below a cuticle with associated
esterase activity at the time of stigma receptivity. The stig-
matic ECM is distinct from that at the site of angiospermy
and abaxial epidermis with respect to the collective pres-
ence of anti-JIM5 aggregates, lipids, and a protein recog-
nized by anti-SCA. Unexpectedly, confirmation of the
pollen tube pathway with fluorescence and light microscopy
also revealed that a very low number of cross-pollen grains
germinate and virtually no self-pollen grains germinate in
either species. We begin the discussion by placing the struc-
tural and histo/immunochemical results on the stigma in
S. glabra and C. japonicus in the context of observations
on the stigma of other angiosperms, to include previous
conclusions regarding the nature of the stigmatic epidermal
cells of Chloranthaceae. We then discuss the functional
significance of the presence of low methyl-esterified
homogalacturonan aggregates, a protein recognized by
anti-SCA, and lipids for pollen tube growth within the
stigmatic transmitting tissue ECM. The low rates of
pollen germination have implications for the breeding
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F I G . 4. Immunolocalization of JIM13 (18 nm gold particles; A and B) and SCA (18 nm gold particles; C–E) in stigmatic epidermal cell ECM. (A)
Localization at plasma membrane/primary wall boundary (arrowheads) at surface of stigmatic epidermal cells. (B) Localization at plasma membrane/
primarywall boundary (arrowheads) between stigmatic epidermal cells. Arrowmarksmicrotubule. (C andD) Localization in primarywall at notch (asterisk)
between stigmatic epidermal cells. (E) Localization in expanded ECM in association with putative auramine-O/nile red-positive droplets (arrowhead). Scale

bars = 200 nm; PW, primary wall; SP, stigmatic papilla.
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system of these two species. Thus, the present observations
on pollen germinability are also compared with previous
studies on the breeding system of numerous species within
the taxon. Finally, because the Chloranthaceae have many
features that may have been common to ancestral angio-
sperms, the above results are placed in the context of current
hypotheses regarding the evolution of angiosperm transmit-
ting tissue and pollen–carpel interactions therein.

Stigmatic ECM

The stigma of angiosperms has been classified into dry
and wet types, with some families containing species of both
types (Heslop-Harrison and Shivanna, 1977). The ECM of
both dry and wet type stigmas are characterized by the
presence of a protein layer with esterase activity (pellicle;
Heslop-Harrison and Heslop-Harrison, 1970; Mattsson
et al., 1974) that is associated with a cuticle (Heslop-
Harrison and Shivanna, 1977). However, in the dry type,
the pellicle and cuticle remain intact in the functional phase,

whereas they become discontinuous in the wet type
(Heslop-Harrison and Shivanna, 1977; Shivanna and Sastri,
1981). Functionally, the dry stigma is posited to exert more
control over pollen adhesion, recognition and hydration
than the wet stigma (Dickinson, 1995; Zinkl et al., 1999).

The present study on the stigma ECM of both S. glabra
and C. japonicus provides clear evidence that the stigma is
of the dry type. At the time of stigma receptivity, the out-
ermost portion of the stigmatic epidermal cell ECM is com-
posed of a continuous esterase-positive pellicle associated
with a structurally continuous lamellate region that corres-
ponds ultrastructurally to the cuticle proper of epidermal
cells from leaves and dry stigmas of many species (Jeffree,
1996). This outermost region of the ECM, while exhibiting
a positive reaction for both esterase activity and protein, also
fluoresces a yellow-green in the presence of auramine-O
indicative of a cuticle (Heslop-Harrison and Shivanna,
1977). At the ultrastructural level, the cuticle proper of
S. glabra and C. japonicus stigmas is subtended by expan-
ded pegs of a pectin-rich matrix that extend from the adja-
cent cellulosic/pectinaceous primary wall. This region of
the ECM with the pectin-rich pegs corresponds to a cutic-
ular layer in models of the plant cuticle (Jeffree, 1996) and
also occurs in the dry stigmas of monocots and eudicots
(Heslop-Harrison and Heslop-Harrison, 1982), and to a les-
ser degree in Amborella trichopoda (Thien et al., 2003) and
Illicium floridanum (Koehl, 2002), two species belonging to
the ‘ANITA’ grade placed at the base of the angiosperm
phylogeny (Mathews and Donoghue, 2000; Qiu et al., 2000;
Soltis et al., 2000; Sun et al., 2002; Zanis et al., 2002).

To date, classification of stigma type of species within the
Chloranthaceae has been contradictory. The stigmas of
Ascarina and Chloranthus have been reported to be either
of the dry (Heslop-Harrison and Shivanna, 1977; Endress,
1986) or the wet type (Endress, 1986), and the stigmas of
Hedyosmum and Sarcandra have been ascribed as the dry
and wet type, respectively (Endress, 1986; Endress and
Igershiem, 2000). Pectins, while assuming numerous func-
tions in the plant cell (Carpita and Gibeaut, 1993; Knox,
1999), operate within the ECM to maintain a highly
hydrated state. A hydrated ECM of the stigmatic papilla
of S. glabra and C. japonicus may result in a ‘glistening’
of the cells which upon inspection could easily lead to the
interpretation that the stigma is of the wet type.

Functional significance of transmitting tissue ECM
composition

The ECM of transmitting tissue in the stigmatic region
versus the ECM of the adaxial epidermal cells at the site of
angiospermy of S. glabra and C. japonicus carpels is com-
posed of a suite of components previously demonstrated to
operate in the biology of pollen tube growth in other angio-
sperms (Lord and Russell, 2002). High and low methyl-
esterified homogalacturonans are common components of
the angiosperm transmitting tissue ECM (Vennigerholz,
1992; Jauh and Lord, 1996; Wu et al., 2000; Lenartowska
et al., 2001; Khosravi et al., 2003). Homogalacturonans,
synthesized and secreted as highly methyl-esterified
forms by the plant cell Golgi apparatus, are de-esterified

L
oc

al
iz

at
io

n 
ev

en
ts

 p
er

 µ
m

2

0

1

2

3

4

60

90

120

150

180

a

a

a

a

a

a

a

a
a

a

a

a
a

b

b

b

a a

L
oc

al
iz

at
io

n 
ev

en
ts

 p
er

 µ
m

2

0

4

8

12

30

60

90

120

150

180

5 7 13 5 7 13 5 7 13

a

b

a

b
a

b

a

b*

a

a
*

b

a

BtwnSurface

A

B

Base

F I G . 5. Density of anti-JIM7, anti-JIM5 and anti-JIM13 localization in the
ECM at the surface, between (Btwn) and base of stigmatic (A and B, solid
bars), abaxial (A, hatched bars) and adaxial (B, hatched bars) epidermal cells
of Sarcandra glabra. Values labelled with a different letter at each position
for each antibody are significantly different from one another at P < 0�05.
Error bars represent 95% confidence interval. Note brake in y-axis. Asterisk
labelling hatchedbar for anti-JIM5 localization (B) represents density values
for ECM at base of papillate versus tabular cells on opposing side of site of
angiospermy where anti-JIM5 localization was only 4· that of stigmatic

epidermal cells (data not shown).

786 Hristova et al. — Pollen Germinability and ECM Distribution and Composition



within the cell wall by a pectin methylesterase giving rise
to low methyl-esterified homogalacturonans (Zhang and
Staehelin, 1992). Lowmethyl-esterified homogalacturonans
strongly bind Ca+2 (Carpita and Gibeaut, 1993). Recently,
Lenartowska et al. (2001) suggested that low methyl-
esterified homogalacturonans within the transmitting tissue

may act as a Ca+2 reservoir to be released following a
pollination-induced degradation of the homogalactoronans.
The Ca+2, an ion essential for pollen tube growth (Taylor
and Hepler, 1997), is then functionally available. The loc-
alization of anti-JIM7 versus anti-JIM5 to Golgi body-
associated vesicles and vesicles adjacent the plasma
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tubular-vesicular endosome-like array. Arrowhead marks microtubule . (B) Tubular-vesicular endosomal-like array with tethered vesicles (arrow) and
microtubule (arrowheads). (C) Vesicles tethered (arrows) to microtubules (arrowheads). (D–F) Immunolocalization of JIM7 (18-nm gold particles) to
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membrane, and the presence of anti-JIM5 towards the peri-
phery of the primary cell wall at the surface of stigmatic
epidermal cells of S. glabra and C. japonicus indicates that
processes of secretion and subsequent de-esterification of
the highly methyl-esterified homogalacturonans in these
species is spatially similar to what has been reported for
other plant cells. Significantly, homogalacturonan de-ester-
ification within the cuticular layer of both S. glabra and
C. japonicus leads to a punctuate distribution of concen-
trated regions of anti-JIM5 throughout the outer stigma
surface at the point of immediate pollen contact. A func-
tional role for these low methyl-esterified homogalactur-
onan regions as a Ca+2 reservoir to support pollen growth
at the stigma or elsewhere in the carpel in either of these
Chloranthaceous species remains to be determined.

Both low methyl-esterified homogalacturonans and SCA
within the transmitting tissue ECM have been implicated in
pollen adhesion and pollen tube guidance (Lord, 2003).
Specifically, SCA, has recently been shown to operate in
combination with a low-esterified homoglacturonan that is
recognized by monoclonal antibodies to JIM5 in pollen
tube adhesion in the lily style (Mollet et al., 2000). As
well, the unbound form of SCA also appears to function
in combination with the protein chemocyanin at the stigma
as a chemotropic (Kim et al., 2003) versus adhesion-
mediated (haptotactic) guidance molecule (Lord, 2003).
Localization of the polyclonal anti-SCA to the transmitting
tissue ECM where pollen tube growth will occur at the
stigma of S. glabra and C. japonicus suggests that an
SCA-like molecule may be present in transmitting tissue
ECM of these species. Interestingly, although anti-SCA
localizes to both the ECM at the epidermal surface and
expanded ECM at the base of stigmatic epidermal cells,
anti-SCA localization is highest at the stigmatic surface
in the notch between adjacent stigmatic cells where pollen
tubes grow downward following germination. The high
density of anti-SCA in this notch region does not correspond
with a similar high density distribution of anti-JIM5,
although both anti-SCA and anti-JIM5 exhibited the
same diffuse distribution in the expanded ECM at the
base of stigmatic epidermal cells. An important issue for
the biology of pollen tube growth at the stigmatic epidermal
cells of these Chloranthaceous species will be to determine
whether or not either compound acts alone or together as
proposed for lily in chemotactic/haptotactic growth. As
well, since anti-SCA is absent within the expanded ECM
of adaxial epidermal cells at the site of angiospermy prior
to pollination, and pollination can stimulate changes in
transmitting tissue ECM (Sedgley and Scholefield, 1980;
Arbeloa andHerrero, 1987; Lenartowska et al., 2001; Koehl,
2002), it will be valuable to determine if SCA is secreted to
the expanded ECM at the base of adaxial epidermal
cells following pollination where it could be functionally
important for chemotactic/haptotactic pollen tube growth.

Lipids within the angiosperm transmitting tissue ECM
are known to play an important role in pollen hydration,
adhesion, penetration of the stigma cuticle by pollen tubes,
and subsequent pollen tube growth (Lush et al., 1998;
Zinkl et al., 1999; Wolters-Arts et al., 2002). Therefore,
it is noteworthy that, within the carpel of S. glabra and

C. japonicus, lipids are confined to (a) the ECM of the
surface of stigmatic epidermal cells where pollen grains
adhere and germinate, and (b) the base of the stigmatic
cells in the expanded ECM where pollen tubes change dir-
ection to grow towards the site of angiospermy. Although
differential localization of lipids, as well as anti-SCA, to the
ECM where pollen tubes grow at the stigma may implicate
a similar role for these molecules in pollen tube growth in
S. glabra and C. japonicus as observed in lily (SCA) and
other angiosperms (lipids), the family of lipid transfer-like
proteins to which SCA belongs (Mollet et al., 2000) and
lipids in the plant ECM may serve numerous functions to
include cuticle synthesis and anti-microbial activity (Kader,
1997).

Pollen compatibility in S. glabra and C. japonicus

Numerous studies on the breeding systems of various
species within the Chloranthaceae have been conducted
(von Balthazar and Endress, 1999; Yi-Bo and Zhen-Yu,
1999; Tosaki et al., 2001). Within the genera that develop
bisexual flowers, agamospermy appears to be present in
Sarcandra chloranthoides (von Balthazar and Endress,
1999) as well as Chloranthus serratus and C. fortunei
(Yi-Bo and Zhen-Yu, 1999). Sarcandra glabra exhibits
self-compatibility (SC; von Balthazar and Endress, 1999;
Tosaki et al., 2001), and C. spicatus appears to be SI (von
Balthazar and Endress, 1999).

Results from the present study demonstrating low pollen
germinability following cross- and self-pollination have sig-
nificant implications for the breeding system of S. glabra
and C. japonicus. On the one hand, low pollen germinability
indicates that pollen viability is very limited, even though a
high percentage of pollen grains contain cytoplasm, a veget-
ative nucleus, and nucleated generative cell. On the other
hand, low pollen germinability provides tentative evidence
for the presence of a leaky stigmatic SI in S. glabra and
C. japonicus which, in the case of S. glabra, is in contrast to
conclusions from previous studies (von Balthazar and
Endress, 1999; Tosaki et al., 2001). Conflicting results
from the present study with those from other studies on
the presence of SI versus SC in S. glabra may be attributed
to a number of factors. First of all, the beginning of fruit set,
used as an indicator of successful fruit/seed production, has
lead to the conclusion of the presence of SC in S. glabra
(von Balthazar and Endress, 1999). Such conclusions can be
erroneous because carpel/ovule enlargement may result
merely from a pollen-borne stimulus (O’Neill, 1997) and
can occur even in the presence of stigmatic SI (Pontieri and
Sage, 1999). Self-fruit set has also been interpreted to indic-
ate the presence of SC in S. glabra (von Balthazar and
Endress, 1999; Tosaki et al., 2001). However, self-fruit/
seed set can occur in the presence of a leaky SI system,
whereby the strength of SI may be variously expressed
amongst individuals within a population, as well as between
populations, and can be influenced by the types of S-alleles
and their genetic backgrounds, mutations at S-alleles, tem-
perature, and humidity conditions and floral age (de
Nettancourt, 1977; Barrett, 1988; Stephenson et al.,
2000; Sage et al., 2001). Leaky SI may provide for fruit
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set following self-pollination in Chloranthaceous species
because only one pollen tube would be required to effect
fertilization within the one ovule/carpel. Thus, in the
absence of published data from the studies on the breeding
system of species within the Chloranthaceae on (a) how
many flowers per plant and plants per population were
examined, (b) self- versus cross-pollen tube growth within
treatments across a population, (c) the distribution of the
results per plant within a population, (d) and environmental
conditions at the time of pollination, all conclusions regard-
ing the presence of agamospermy, SI or SC in any species of
Chloranthaceae are inconclusive. Given the importance of
SI in the evolution of the breeding systems of the Chlor-
anthaceae and angiosperms as a whole (see below), more
rigorous studies are required to provide definitive evidence
of the presence or absence of the phenomenon in any of the
species with bisexual flowers in the Chloranthaceae.

CONCLUSIONS

The well-resolved picture of basal angiosperm relationships
has been noted to provide new opportunities to examine a
suite of reproductive characters potentially present in early
angiosperms through comparative work on extant basal taxa
(Friis et al., 2000; Endress, 2001). It has been hypothesized
that the ancestral carpel lacked a style and transmitting
tissue was composed of the surface of a wet stigma that
was continuous with the surface of the secretory epidermal
cells at the site of angiospermy (Endress and Igersheim,
2000). The dry stigma has been hypothesized to have
evolved in phylogenetically younger taxa and has been
viewed as more advantageous because of the tighter control
such a stigma exerts over pollen capture, adhesion, recog-
nition, hydration, and germination (Dickinson, 1995). More-
over, it has been proposed that the functional role of some
ECM components integral to pollen capture, retention,
recognition, hydration and germination (e.g. lipids) have,
over time, been transferred from wet stigma ECM to the
pollen ECM (Dickinson, 1995) during the transition from a
wet to dry stigma. When considering SI evolution, research-
ers have noted that basal extant taxa exhibit SI due to the
presence of low self-seed production, and have concluded
that SI was present in the early origins of the group and
played an important role in early angiosperm success
(Whitehouse, 1950; Bernhardt and Thien, 1987; Bell,
1995). In one scenario, the adaxial epidermal surface at
the site of angiospermy has been predicted to be the site
of SI in the early angiosperms (Endress and Igersheim,
2000). Self recognition and rejection at a dry type stigma
has been posited to have evolved later in the history of the
group. Others have observed that basal extant taxa exhibit
some self-seed set, and have proposed that that the first
angiosperms were therefore self-compatible (Weller et al.,
1995).

The Chloranthaceae is the fifth basal angiosperm taxon
posited to have species with wet stigmas that have
subsequently been demonstrated to be dry with limited
accumulations of lipids confined under the cuticle at
stigma receptivity (Saururaceae, Pontieri and Sage, 1999;

Illiciaceae, Koehl, 2002; Trimeniaceae, Bernhardt et al.,
2003; Amborellaceae, Thien et al., 2003). As well, if SI
can be demonstrated to be present in the Chloranthaceae, it
would represent the third basal angiosperm taxon to exhibit
SI whereby self-recognition and rejection occurs at a dry
stigma. Stigmatic SI has been reported in Trimeniaceae
(Bernhardt et al., 2003) and Saururaceae (Pontieri and
Sage, 1999). Collectively, these data call into question
the ancestral state of the stigma as ‘wet’ and provide the
possibility that the dry stigma, with highly selective regu-
lation over pollen adhesion, self recognition and rejection,
hydration, and germination may have been present during
the early history of the group.

Along similar lines, the Chloranthaceae joins an increas-
ing number of basal angiosperm taxa, to include those at the
base of the tree, whereby pollen tubes do not grow along the
adaxial epidermis at the site of angiospermy following ger-
mination on the stigma, but rather grow intercellularly in
ground tissue below epidermal stigma cells prior to extra-
cellular growth within the ovary (Nymphaeaceae, Orban
and Bouharmount, 1995; Winteraceae, Sage et al., 1998;
Saururaceae, Pontieri and Sage, 1999; Amborellaceae,
Thien et al., 2003; Trimeniaceae, Bernhardt et al., 2003;
Winteraceae, Sage and Sampson, 2003). These results are
significant because previous reconstructions of the ancestral
site of transmitting tissue distribution based on the presence
of exudates on the epidermal surface at the site of angio-
spermy have viewed this region as the site of pollen tube
growth (Endress and Igersheim, 2000). Intercellular growth
of pollen tubes following germination is likely to require a
different suite of physiological parameters versus those
needed to grow extracellularly along the epidermal surface
(Bell, 1995). And, while Lloyd and Wells (1992) suggest
that carpel closure during the early history of angiosperms
would have protected pollen/pollen tubes that were growing
on the carpel surface from foraging insects, intercellular
growth of pollen tubes following germination versus growth
along the epidermal surface would have provided protection
prior to carpel closure.
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