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POLLEN TUBE TRANSMITTING TISSUE: PLACE OF
COMPETITION OF MALE GAMETOPHYTES
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Im Neuenheimer Feld 345, 69120 Heidelberg, Germany

In angiosperm reproduction, pollen tubes elongate from the stigma through the stylar transmitting tissue
to the ovary to deliver the male gametes for fertilization. This article reviews different forms of pollen tube
transmitting tracts within the style as well as possibilities for bridging the gap from the transmitting tissue to
the ovule. The pollen tube transmitting tissue is the place of possible pollen tube competition. Often the number
of pollen grains deposited onto the stigma or stigmata of a flower exceeds the number of ovules in the ovary
of the pollinated flower. In the styles of most taxa investigated, a reduction in number of the pollen tubes
occurs from the stigma to the ovary (pollen tube attrition): the pollen tubes compete for entry into the embryo
sac of the ovules within the ovary. A prediction of the extent of pollen tube competition can be partially
equated to the P-S/O ratio. This ratio relates the total number of pollen grains (P) deposited onto the stigmata
(S) at the end of the female phase of anthesis (stigma receptivity) to the number of ovules (O) present in the
ovary. Some quantitative data on pollen load on the stigma or stigmata and resulting pollen tube competition
will be demonstrated especially in the choricarpous gynoecium of Geum rivale (Rosaceae) and in the coeno-
carpous gynoecium of Cichorium intybus (Asteraceae). Data from this study are compared with data of other
taxa obtained from the literature.

Keywords: pollen tube transmitting tissue, pollen tube competition, quantitative aspects of pollination, P/O

ratio, P-S/O ratio.

Introduction

The breeding system of an angiosperm is multidimensional
and covers, among other aspects, sequential processes such as
pollen delivery, pollination, pollen germination on the stigma,
pollen tube growth down the style, fertilization of the ovules,
seed development, and dispersal of the diaspores. Out of this
broad field, this article mainly deals with selected aspects re-
lated to pollen tube growth and competition.

Pollen grains (male gametophytes), after arriving on the
stigma of a compatible flower, germinate, producing a pollen
tube in which the sperm cells are transported to the female
gametophyte via the pollen tube transmitting tissue, the spe-
cially differentiated tract between stigma and ovary. Once in
the ovary, the critical gap from the gynoecial tissue toward the
ovule is bridged in several ways, such as by secretions or by
morphological structures. The first part of the article reviews
different histological modifications of the pollen tube trans-
mitting tissue, including discussion on the bridging of the gap
between the pollen tube transmitting tissue and the ovule.

The pollen tube transmitting tissue not only provides a con-
venient pathway for the pollen tubes from below the stigma
toward the ovules but is also the site of pollen tube competition
and attrition. One can observe that pollen tubes germinating
from several pollen grains deposited onto a stigma show dif-
ferent growth rates within the pollen tube transmitting tissue:
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often numerous pollen tubes are found just below the stigmata;
this number decreases toward the ovules (see figs. 6-9 in Smith-
Huerta 1997; fig. 156 in Leins 2000; fig. 9 in Sonnberger
2002), and only the fastest-growing compatible pollen tubes
achieve fertilization of their sperm cells with the egg cells
within the embryo sacs. This selection on the male gameto-
phytes operating between deposition of the pollen grains and
fertilization easily screens for the best genomes (Mulcahy
1979) and influences the resulting sporophytic generation pos-
itively, as already postulated by Correns (1928).

In the second part of this article, in the context of possible
pollen tube competition, Geum rivale (Rosaceae) with a chori-
carpous gynoecium and Cichorium intybus (Asteraceae) with
a coenocarpous gynoecium are discussed as examples for an-
swering the following questions: How many pollen grains have
been deposited onto the stigma at the end of female anthesis
after several visits of insects? Does the possibility exist for
pollen tube competition (one form of prezygotic selection) in
these two systems?

Pollen Tube Transmitting Tissue: Pathway
for Pollen Tube Growth

Pollen grains arrive on the stigma, and after germination on
the receptive tissue, they grow by the shortest route into the
pollen tube transmitting tissue (fig. 1 in Mulcahy and Mulcahy
1987 [Geranium maculatum) or fig. 23 [Nigella damascenal
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and fig. 47 [Geranium sanguineum] in Erbar 1998). In general,
there are two forms of pollen tube transmitting tissue (for a
more detailed classification, see Hanf 1936 and Endress 1994).
In the first case, the pollen tube transmitting tissue is mainly
formed by a secretory epidermis, such that the pollen tubes
grow in a more or less ample secretion that fills the stylar

canal, as, e.g., in Campanula (fig. 1a). In the second case,
pollen tube transmitting tissue several cell layers thick lies be-
low the epidermis, and the pollen tubes find their path within
this tissue. This form is characteristic of, e.g., Asteraceae (fig.
1b). The cell walls of the transmitting tissue appear swollen
from a pectinous secretion that forms a thick intercellular ma-
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Fig. 1 Pollen tube transmitting tissue. Cross sections of adult styles and ovaries. a, Campanula rotundifolia (Campanulaceae). Stylar canal
with a secretory epidermis. b—e, Cichorium intybus (Asteraceae-Cichorioideae). b, Stylar branch with band of pollen tube transmitting tissue
(arrows) beneath the stigmatic tissue. ¢, Central strand of transmitting tissue in the common style. d, Midregion of the ovary. The transmitting
tissue runs in the region of the two reduced septal ledges (arrows). e, In the zone directly beneath the micropyle, the transmitting tissue (arrows)
of the two septal ledges fuses. f, Buphthalmum salicifolium (Asteraceae-Asteroideae). At the bottom of the ovary, the transmitting tissue of the
septal ledges (arrow) comes into close contact with a similar transmitting tissue on the funiculus; section somewhat oblique. Fu = funiculus,
In = integument, Ov = ovule, Sti = stigma, VB = vascular bundle. Bars = 50 um. a from Erbar (1995); b—e from Erbar and Enghofer (2001).
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trix (Kroh and Munting 1967; Sassen 1974). The growing
pollen tubes pass through the mucilaginous part of the cell
wall and intercellular matrix, respectively (Sassen 1974; Fahn
1982).

The transmitting tissue provides not only guidance and an
adequate environment for the growth of pollen tubes, namely,
in the form of pollen tube nutrition, but perhaps it also pro-
vides the medium for the passage of electrical and other signals
between stigma and ovary. Whereas the latter function is only
hinted at (Knox 1984; Heslop-Harrison 1987; Malho 1998;
Wilhelmi and Preuss 1999; Shimizu and Okada 2000), the
nutritional role of the transmitting tissue is proven (Cheung
et al. 1995; Wu et al. 1995). The major constituents of the
pectinic secretion in the intercellular spaces are carbohydrates
and proteins (Knox 1984). In addition, the existence of some
pistil-specific glycoproteins has been shown (see review of Her-
rero and Hormaza 1996). One of these proteins, the trans-
mitting tissue—specific glycoprotein (TTS protein; Cheung et
al. 1995), attracts pollen tubes and stimulates their growth; it
adheres to the pollen tubes and is incorporated into pollen
tube walls. The nutritional function of this protein is shown
by deglycosylation of the TTS protein through the pollen tubes
(Wu et al. 1995).

The pollen tubes grow over a long distance from the stigma
toward the ovary, near the ovules in a secretion or in a specially
differentiated tissue (Sassen 1974). A critical region for the
pollen tube is the transition from the carpel tissue to the ovule.
The course of the pollen tube transmitting tissue and the pas-
sage of the pollen tube in this tissue are demonstrated exem-
plarily in Geranium (Hofmeister 1864; Erbar 1998), a typical
case of a coenocarpous-septate gynoecium with five separate,
relatively long stylar arms (fig. 2a). In the separate stylar arms,
the transmitting tissue lies as a single tract that is closely as-
sociated with the stigmatic area (fig. 2b). In the coenocarpous
region of the style, the five separate tracts fuse into one central
tract (fig. 2¢). Just above the insertion area of the funiculi, this
thick central tract separates into five tracts, and the five tracts
run into each of the five fertile locules (fig. 2d, 2e). The pollen
tube transmitting tissue extends to the placenta, and due to
the curvature of the anatropous ovule, the micropyle faces the
transmitting tissue (fig. 2f), thus bringing the pollen tube in
close proximity to the entrance of the ovule.

As demonstrated in Geranium, in gynoecia with separate
stylar arms, the individual pollen tube transmitting tissues fuse
with each other, at least for a short distance, before eventually
separating again, in the case of septate ovaries. At this level
of the gynoecium (where the transmitting tissue tracts unite),
another important function of the pollen tube transmitting
tissue is apparent. By the common part of the pollen tube
transmitting tissue, a common inner gynoecial space is

achieved, the so-called compitum (Carr and Carr 1961). In
this common region, where the inner surfaces of all carpels
communicate, the even distribution of pollen tubes is facili-
tated; a pollen grain, via the growth of the pollen tube in the
compitum, may reach any ovule in any ovary locule, regardless
on which stigma the pollen grain has germinated (Endress
1982, 1994; Erbar 1998).

Geranium shows one of the simplest cases in facilitating the
transition of the pollen tubes from the ovarian tissue to the
ovule, in that the micropyle faces the papillate surface of the
placenta (fig. 2f). In other cases, the critical gap from the ovar-
ian tissue toward the ovule is bridged by secretions or mor-
phological structures. The pollen tube migration from the pol-
len tube transmitting tissue near the ovules is relatively simple
in cases such as Monodora (Annonaceae), where the whole
ovary lumen is filled by a secretion (fig. 3a). In other cases,
such as in Euphorbiaceae (Endress 1994) and some Liliaceae
(Tilton and Horner 1980), a proliferation of the placental re-
gion, a so-called obturator, is present to bridge this gap be-
tween transmitting tissue and ovule. Often, like in Euphorbia
characias (fig. 3b), the obturator extends as a plug into the
micropyle, and thus the path from style to embryo sac in the
ovule is bridged. In species with a central placenta, the top of
the placental column may be connected directly with the trans-
mitting tissue. In Thesium rostratum (Santalaceae), the summit
of the placental column, which bears three upwardly orien-
tated ovules, reaches into the stylar canal and thus gains direct
contact with the transmitting tissue of the style (fig. 3¢, 3d).
A free extension of the placental summit is also found in Myr-
sine (Myrsinaceae), whereas in Aegiceras (Myrsinaceae) the
bridge for pollen tubes between stylar canal and a central pla-
centa is provided via a secretion (Endress 1994).

Until now only a few studies (Tilton 1980; Yan et al. 1991)
have shown that the functional counterpart of the transmitting
tissue of the ovary is the epidermis of the micropylar region,
which is apparently also secretory. A secretory micropylar re-
gion is demonstrated in Asteraceae, in the barnadesioid Ar-
naldoa macbrideana (fig. 4f), the cichorioid Cichorium inty-
bus, the asteroid Buphthalmum salicifolium (C. Erbar,
personal observation), and Helianthus (Yan et al. 1991). We
have shown recently that in A. macbrideana, a member of
Barnadesioideae, the subfamily assumed to be primitive within
the Asteraceae, pollen tube transmitting tissue runs along the
surface of the long funiculus of the single basal ovule (figs.
4e-4g) and thus connects the pollen tube transmitting tissue
of the ovary with the micropyle (Erbar and Leins 2000). In C.
intybus the single ovule arises, as in the other Asteraceae, from
a very short septum at the base of the bicarpellate ovary. In
the otherwise unilocular ovary, only reduced (sometimes much
reduced) septal ledges can be found in transverse position. The

Fig. 2 Geranium sanguineum (Geraniaceae). a, Adult gynoecium, SEM image. The letters b, ¢, and f in a refer to the position of the
corresponding cross sections. b—f, Cross sections through the ovary illustrating the course of pollen tube transmitting tissue (arrows). b, At the
level of a free stylar branch; the transmitting tissue lies as a single tract closely under the stigmatic area. ¢, At the level of the lower common
part of the style and sterile part of the ovary locules, respectively; the five separate tracts have fused into one central tract. d, e, At the level of
the fertile ovary locules just above the insertion area of the funiculi; the thick central tract separates again, and the five tracts run into each
fertile locule. f, At the level of the funiculi; the pollen tube transmitting tissue extends to the placentae. O = ovary, OL = ovary locule,
Ov = ovule, Sti = stigma, Sty = style. Bars = 100 um in b-e, 200 um in f. b—f from Erbar (1998), modified.



Fig. 3 Different possibilities for bridging the gap between pollen tube transmitting tissue of the carpel and the ovule: a, cross section; b, d,
longitudinal section; ¢, SEM image. a, Monodora crispata (Annonaceae); whole ovary lumen filled by a secretion. b, Euphorbia characias
(Euphorbiaceae); obturator (arrow) extends as a plug into the micropyle. ¢, d, Thesium rostratum (Santalaceae); top of central placenta getting
direct contact to the transmitting tissue of the style. iln = inner integument; N = nucellus; Ov = ovule; oln = outer integument; TT =
pollen tube transmitting tissue. Bars = 100 um. a from Leins and Erbar (1982); ¢, d from Erbar and Leins (2001).
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transmitting tissue, which lies as a band beneath the stigmatic
tissue of the free stylar arms (fig. 16) and forms a central strand
in the common style (fig. 1c), separates in the ovary and runs
into the region of the two reduced septal ledges (fig. 1d). In
Arnaldoa these septal ledges are prominent in the upper region
of the ovary and are covered by pollen tube transmitting tissue
(fig. 4b). Toward the point of ovule insertion, the ledges be-
come less prominent (fig. 4¢, 4d), and at the base of the ovary
the two septal ledges fuse into a short septum from which the
ovule arises. At the bottom of the ovary (fig. 4f, 4g), the ovarian
transmitting tissue comes into close contact with the trans-
mitting tissue on the funiculus. The funiculus is of a conspic-
uous length in Arnaldoa (fig. 4a). The pollen tube transmitting
tissue runs in two lateral lines along the funiculus (fig. 4¢) up
to the micropyle. Beneath the entrance to the micropyle, they
fuse into one (bipartite) band that finally enters the micropyle
(fig. 4d). A similar course of the transmitting tissue can also
be found in other members of the Asteraceae, e.g., in C. intybus
(fig. 1e), subfamily Cichorioideae, and B. salicifolium (fig. 1f),
subfamily Asteroideae, each with only a short funiculus.

In order to demonstrate that the pollen tubes do indeed
travel through the transmitting tissue, serial sections of the
ovary of C. intybus were treated with decolorized aniline blue
and then observed under the fluorescence microscope. The cal-
lose of the pollen tubes glows within the transmitting tissue
(fig. 5b-5d). It is noteworthy that in this species the number
of pollen tubes decreases from upper style toward the ovary
(fig. 5a), as is commonly observed in other species (see below),
but more than one pollen tube can be found near the micropyle
(fig. Se).

Pollen Load on Stigma and Pollen Tube Competition

The pollen tube transmitting tissue is the main place of pol-
len tube competition. Often the number of pollen grains de-
posited onto the stigma or stigmata of a flower exceeds the
number of ovules in the corresponding ovary. The pollen tubes
compete for access to ovules. Through gametophytic compe-
tition, certain pollen tubes are favored over others on the basis
of genetic differences. Only the fastest-growing pollen tubes
achieve fertilization, and this prezygotic selection has positive
effect on the offspring (Correns 1928; Mulcahy and Mulcahy
1975, 1987; Mulcahy 1979; Mulcahy et al. 1983; Schlichting
et al. 1987; Winsor et al. 1987, 2000; Bertin 1990; Snow and
Spira 1991; Hormaza and Herrero 1992; Palmer and Zim-
mermann 1994; Stephenson et al. 1995; Johannsson and Ste-
phenson 1997; Niesenbaum 1999). The “fitness” of the male
gametophytes is clearly transferred to the resulting sporophyte

because more than 60% of the genes expressed in the spo-
rophytic phase of the life cycle are also expressed in the male
gametophyte (Tanksley et al. 1981; Willing and Mascarenhas
1984; Mulcahy and Mulcahy 1987). Plants have little direct
control over the number or the genotypes of the pollen grains
deposited onto their stigmata. This, however, does not mean
that they have no control over the genetic quality of their
progeny. The quality of the offspring can be regulated by pre-
and postzygotic mechanisms. The prezygotic selection includes
pollen tube competition, and the postzygotic selection includes
selective seed or fruit abortion and seedling competition. Under
the conditions of pollen tube competition, offspring vigor is
enhanced in several traits such as germination, seedling sur-
vival, root growth, number of flowers and fruits, number of
seeds per fruit, and seed weight (Hormaza and Herrero 1992;
Palmer and Zimmermann 1994; Stephenson et al. 1995; Jo-
hannsson and Stephenson 1997; Kalla and Ashman 2002).

There are, however, some differing opinions as to the im-
portance of pollen tube competition, especially to the positive
effect that pollen tube competition exerts on the resulting off-
spring. Charlesworth (1988) and Walsh and Charlesworth
(1992) argue that high pollen loads may stimulate the maternal
plant to devote more resources to those flowers with a high
pollen load, causing them to potentially produce better-quality
offspring, quite apart from any effect of male gametophyte
competition. In addition, Walsh and Charlesworth (1992)
maintain that if the pollen grains that grow more rapidly than
others have an advantage related to better access to ovules,
genes for accelerated growth should spread in a population.
Consequently, there should be little extant genetic variation in
growth rates.

Flower-pollinator interactions are often complex (see net of
correlations in Leins 2000). Spatial and temporal variation in
pollinator behavior seems to preclude broad generalizations.
However, the opportunity for pollen tube competition appears
to be rather different, based on measurements of pollen dep-
osition rate and seed set. In natural populations, pollen dep-
osition onto styles in different flowers of a single plant may
range from zero to amounts far exceeding that required for
full seed set (Winsor et al. 1987).

One may ask, How many pollen grains actually arrive on
the stigmata? Cichorium intybus (Asteraceae) was investigated
exemplarily with regard to the quantitative aspects of pollen
transfer (Erbar and Enghofer 2001). The average number of
pollen grains produced in one capitulum is 34,300 (median
number of 14 flowers; anthers of a flower contain, on average,
2451 + 626 pollen grains). The most frequent visitors are the
sweat bees Halictus maculatus and Halictus rubicundus and
the hoverflies Episyrphus balteatus and Sphaerophoria scripta.
After the visit of a single capitulum, H. maculatus and H.

Fig. 4 Arnaldoa macbrideana (Asteraceae-Barnadesioideae). a, SEM image; b-g, cross sections. a, Part of older ovule. Arrow points to the
entrance of the micropyle. b, Just above midregion of the ovary; prominent septal ledges covered by pollen tube transmitting tissue (arrows).
c—g, Cross sections of a series from the midregion of the ovary (c) to the base (g) showing the course of pollen tube transmitting tissue on the
septal ledges of the ovary (white arrows) and on the funiculus of the ovule (black arrows). ¢, d, At the level of the micropyle. ¢, At the level of
the funiculus. £, g, At the ovary base; septum with ovule base; the pollen tube transmitting tissues of the ovary (white arrows) and ovule (black
arrows) come into contact. Fu = funiculus; In = integument; Mi = micropyle; Ov = ovule; Sel. = septal ledge. Distance ¢ to d 60 um; d to e
156 um; e to f 84 um; f to g 12 um. Bars = 100 um. From Erbar and Leins (2000), modified.
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rubicundus carry off 652 (+237) and 1329 (+270) pollen
grains, respectively, thus taking away 2% and 4%, respectively,
of the whole pollen production of a capitulum. When ap-
proaching a capitulum, the pollen load on the insects is lower
(334 = 151 and 1089 =+ 302 pollen grains, respectively). Due
to the high visitation activity of these pollinators, the pollen
load on the stigma or stigmata at the end of anthesis is high;
47.8 (£26.5) pollen grains are deposited onto the stigmata of
an individual flower.?

Due to the high pollen load (48 pollen grains per stigma or
stigmata) in Cichorium flowers, it is likely that pollen tube
competition exists, as the germinating pollen tubes compete
for fertilization of the single ovule within the coenocarpous
gynoecium (fig. 5a). In the uniovulate carpels of the choricar-
pous gynoeciums of Geum rivale (Rosaceae) and Fragaria vir-
giniana (Rosaceae), pollen tubes also compete for entry into
the single ovule. In G. rivale, on average, 18.6 (+13.3; max-
imal load 52, minimal load 2) pollen tubes start the race on
the stigma (Erbar et al. 2001). In E wvirginiana high pollen
loads averaged 26.0 + 1.0 pollen per style, whereas low loads
averaged 4.2 = 0.2 pollen per style (Ashman 2000; Kalla and
Ashman 2002).

Pollen attrition (fig. 5a), the reduction of the number of
pollen tubes from the stigma to the ovary (Cruzan 1989), has
been observed in many coenocarpous gynoecia (Snow 1986b;
Cruzan 1986, 1989; Plitmann 1993; Smith-Huerta 1997; Er-
bar and Enghofer 2001; Sonnberger 2002). In G. rivale (Ro-
saceae) we recently presented quantitative data on pollen tube
competition in a choricarpous gynoecium (Erbar et al. 2001;
fig. 6a). The strongest attrition (from 18.6 [ +13.3, maximum
52] pollen tubes) to 8.7 (+3.7, maximum 18) pollen tubes
occurs in a very short zone beneath the stigma (cf. fig. 6b, 6¢).
The number is further reduced to 3.5 (+ 1.4, maximum 8; fig.
6d) in the middle of the distal stylar part and to 2.5 (+0.7,
maximum 4) just above the double hairpin bend. Only 1.6
(£0.6, maximum 3) pollen tubes overcome the double hairpin
bend (fig. 6e), 1.3 (£0.5, maximum 3) pollen tubes reaching
the ovary.’?

2 The maximal load was 187; the minimal load was seven pollen
grains (n = 141). These data are obtained in fine weather. In bad
weather, the pollen load on the stigma is lower: 2.9 (£2.4 pollen
grains; maximum 10, minimum 0, » = 121). For more details see
Erbar and Enghofer 2001.

* The double hairpin bend in the style, characteristic of many species
in Geum, is the result of two simultaneously occurring but oppositely
directed individual curvatures. At fruit maturity, necrotic cells in the
turning point of the double hairpin bend determine the zone of dem-
olition of the upper region of the style. The detachment of the distal
pilose stylar part is caused by wind. In this way the accrescent per-
sistent proximal stylar part gets a hooked stiff tip (hooked achenes
promoting epizoochory). For further details, see Erbar et al. (2001).

To analyze reproductive systems, usually the pollen to ovule
(P/O) ratio sensu Cruden (1976, 1977) is calculated, i.e., the
ratio of the amount of pollen to the number of ovules in the
flower. From this quantitative measurement, conclusions can
be drawn about the proportion of selfing or outcrossing. Ac-
cording to Cruden (1977), the P/O ratios decrease from xe-
nogamous to autogamous species (P/O =35, cleistogamy; =30,
obligate autogamy; =170, facultative autogamy; =800, fac-
ultative xenogamy; ~6000, xenogamy). This correlation has
been confirmed many times, but nevertheless sometimes con-
siderable deviations have been found. For example, in species
in which aggregated pollen is transferred, such as in Mimo-
saceae (Kenrick and Knox 1982), Asclepiadaceae (Wyatt et al.
2000), and Orchidaceae (Nazarov and Gerlach 1997), the
P/O ratio is extremely low. Another example is the xenoga-
mous C. intybus, in which the P/O ratio is ca. 2450 and thus
is clearly lower than the 6000 postulated by Cruden (1977).
However, Cruden (1977) also stated that the more efficient the
transfer of pollen, the lower the P/O ratio should be.

Some preliminary results indicate that pollinators have a
selective influence on the P/O ratio, as the amount of pollen
they remove from a flower may be greater or less than the
amount they deposit on the following flower they visit. The
type of pollinator also influences the P/O ratio. For example,
Ramirez and Seres (1994) showed for tropical monocots that
the P/O ratio is lower in flowers pollinated by bees, bats, and
birds than by beetles and flies. Another example is C. intybus
(Asteraceae), which is visited by sweat bees and hoverflies.
These pollinators remove 2%-4% of the whole pollen pro-
duction of a capitulum per visit, and they return with only
1%-3% of their pollen load. Therefore, it appears that pollen
may have been lost by grooming and during the flight. The
brushing mechanism of secondary pollen presentation in Ci-
chorium is one of several mechanisms that functions to reduce
pollen removal by individual pollinators during a single visit
(Erbar and Leins 1995; Leins 2000). In comparison, in Ery-
thronium grandiflorum, bees remove more than 80% of the
pollen available in a flower during a single visit; however, only
0.6% of the pollen leaving an Erythronium flower arrives on
the stigmatas of other plants (Harder and Thomson 1989).
Similarly, butterflies deposit only ca. 0.5% of the pollen re-
moved from Phlox flowers onto stigmatas of subsequently vis-
ited plants (Levin and Berube 1972). It appears that the pro-
portion of removed pollen that reaches stigmas diminishes as
the amount of pollen removed increases (Harder and Thomson
1989).

The P/O ratio is a conservative indicator of breeding systems
and reflects the likelihood of sufficient pollen grains reaching
each stigma: the more efficient the transfer of pollen, the lower
the P/O ratio (Cruden 1977). The P/O ratio, however, does

Fig.5 Cichorium intybus (Asteraceae). Fluorescence microscopic images: a, squashed style; b—d cross sections through coenocarpous gynoecium
at different levels; e, longitudinal section. a, Decrease in pollen tube number (some indicated by arrows) in the style from top to bottom; arrows
point to callose plugs in the pollen tubes. b, In the central strandlike transmitting tissue of the style (cf. fig. 1¢) cross-sectioned pollen tubes are
visible as bright circles (some indicated by arrows). ¢, Also in the transmitting tissue of the septal ledges (cf. fig. 1d) glowing pollen tubes (some
indicated by arrows) can be found, although less than in the style. d, Pollen tubes (arrows) in the transmitting tissue at the base of the ovary
(cf. fig. 1e). e, Some pollen tubes (arrows) can be found in front of the micropyle. Ov = ovule; VB = vascular bundle. Bars = 50 um, except

a = 100 pm. From Erbar and Enghofer (2001), modified.
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Fig. 6 Geum rivale (Rosaceae). Fluorescence microscopic images demonstrating pollen tube attrition in an individual carpel of choricarpous
gynoecium. a, Squashed carpel. Pollen tube attrition from stylar apex to base; only one pollen tube (arrow) reaches the ovule (Ov). b—e, Cross
sections of the same style at levels indicated by corresponding letters in a. b, Apical stylar area with eight glowing pollen tubes (arrows). ¢, 495 um
deeper, only four pollen tubes (arrows) are visible. d, At the middle of the distal stylar part, two pollen tubes (arrows) are visible. e, At the middle
of the proximal stylar part, only one pollen tube (arrow) is found. Bars = 50 pum, except a = 100 pm. From Erbar et al. (2001), modified.
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not specify how many pollen grains have been deposited onto
the stigma at the end of anthesis that compete for fertilization
of the ovules. We introduced another ratio, the P-S/O ratio,
which relates the total number of pollen grains that are de-
posited onto the stigma or stigmata at the end of female an-
thesis to the number of ovules in either in the individual carpels
of a choricarpous gynoecium or in the common ovary of a
coenocarpous gynoecium (Erbar and Enghofer 2001).

This P-S/O ratio provides—to a certain degree—information
on the dimensions of pollen tube competition, which is the
basis of a prezygotic selection (see above). The P-S/O ratio
corresponds to the pollen load on the stigma in cases such as
Geum and Cichorium where there is only one ovule in either
the carpel or the coenocarpous gynoecium. Therefore, the P-
S/O ratio is, on average, 48 in C. intybus and 19 in G. rivale.”
Thus the number of deposited pollen grains clearly exceeds
the number of ovules in the corresponding ovary. From the
literature, only very little data can be calculated to make a
comparison, because one needs information regarding the pol-
len load as well as the ovule number. In Cucurbita foetidissima
(Cucurbitaceae), one can calculate a P-S/O ratio of ca. 18 (Win-
sor et al. 2000); in North American and European species of
Epilobium (Ongraceae), the P-S/O ratio lies between 6.5 and
1.17 (Snow 1986b; Miiller 2000). In orchids, the number of
pollen grains deposited per ovule ranges from 1.2 to 3.1 (Na-
zarov and Gerlach 1997).

Another ratio can be found in the literature, the pollen : seed
ratio (Snow 1986b), which indicates that, as a rule, more than
one pollen grain is required for the production of a single ripe
seed. In Mirabilis jalapa (Nyctaginaceae), four pollen grains per
seed are needed; in Viola nephrophylla (Violaceae), six (Cruden
1976); in Epilobium canum, three (Snow 1986b); in Campanula
americana (Campanulaceae), three to six (Richardson and Ste-
phenson 1991); and in C. foetidissima, four (Winsor et al. 2000).
There is also information detailing the minimum load of pollen
grains required on a stigma in order to trigger seed set; in many
cases, a sufficient number of pollen grains on the stigma is re-
quired to stimulate pollen tube growth (Cruzan 1986; Cruden
2000), perhaps functioning to facilitate a synchronous start.
Whereas the pollen : seed ratio is ca. 2 in Passiflora vitifolia
(Passifloraceae), only a load >25 pollen grains leads to seed set
(Snow 1986a). These data of the pollen : seed ratio also indicate
an induced pollen tube competition. In addition, a so-called
pioneer or mentor effect can be observed (Schemske and Fenster
1983; Visser 1983, 1986); early pollen deposition may stimulate
the growth of later-deposited pollen grains (Snow 1986a).

With regard to the selective ripening of fruits, pollen tube
competition also plays an important role. Fruits with only a
few ripening seeds resulting from low pollen competition (only
a few pollen tubes) are more easily aborted than are fruits with
more seeds, which have resulted from intensive competition
between the microgametophytes (Lee 1984; Winsor et al.
1987). However, pollen tube competition is not necessarily the
most important selective stage in the life cycle of plants

*1It has to be taken into consideration that the viability of pollen
grains decreases with time (Dafni and Firmage 2000). In C. intybus,
we can assume that at the time of pollination, ca. 70% of the pollen
grains are viable so that the pollen load contains, on average, 33 viable
pollen grains (Erbar and Enghofer 2001).

(Schlichting et al. 1990), but some influence on sporophytic
fitness cannot be ignored (Hormaza and Herrero 1992; Palmer
and Zimmermann 1994; Stephenson et al. 1995; Johannsson
and Stephenson 1997; Winsor et al. 2000; Kalla and Ashman
2002).

Besides chance dispersal of pollen grains by different vectors,
the timing of pollen arrival also may determine which pollen
tubes are successful. Although pollen grains arrive sporadi-
cally, as shown in Geranium maculatum, variance in pollen
tube growth rates was sufficiently large to allow pollen from
later pollinations to surpass the slowest pollen tubes of an
earlier pollination (Mulcahy et al. 1983). In C. intybus, some
of the disadvantages of a nonsynchronous deposition of pollen
grains are compensated by the fact that later-arriving pollen
grains are deposited on the stylar branches closer to the ovary
due to the outward curvature of the branches that takes place
during the female phase of anthesis. Thus pollen grains arriving
in a series of pollinator visits can nevertheless compete in a
fair race (Erbar and Enghofer 2001), and pollen tube com-
petition occurs not only between pollen grains that reach the
stigma simultaneously but also between pollen tubes resulting
from separate pollination events. The intensity of pollen tube
selection also depends on the length of the style; much longer
styles may intensify competition by allowing small differences
in pollen tube growth rate to be expressed (Correns 1928;
Mulcahy and Mulcahy 1975; McKenna and Mulcahy 1983;
Snow 1986a).

The role of the maternal sporophyte in preventing the
growth of incompatible pollen in self-incompatible species is
well known (de Nettancourt 1977; Heslop-Harrison 1983;
Sage et al. 1994). After germination and early stages of pollen
tube growth, further growth depends on both the pollen and
the stylar tissue. For this reason the male gametophyte does
not function in an entirely passive environment, and pollen
tube growth is thus not merely a reflection of pollen genotype.
Instead pollen tube growth is also influenced by the genotype
of the sporophyte (Hiilskamp et al. 1995).

The facts that pollen tube growth in the style is heterotrophic
and that this growth is at the expense of the reserves of the
transmitting tissue suggest that the availability of these reserves
may affect the number of pollen tubes growing within the style
(Herrero and Hormaza 1996). Besides this physiological pa-
rameter, the number of pollen tubes found in a style may be
limited by physical constraints. A progressive reduction in the
width of the transmitting tissue from the stigma to the ovary
has been repeatedly observed (Herrero and Hormaza 1996;
Hormaza and Herrero 1996; Smith-Huerta 1997). Though the
pollen tubes are guided through diploid stylar tissue, it is
known that the female gametophyte is also necessary for the
guidance of the ovule, at least during the last phase of the
pollen tube’s journey to the female gametes (Hiilskamp et al.
1995; Wilhelmi and Preuss 1996, 1999; Ray et al. 1997; Shi-
mizu and Okada 2000).

Finally, Spigelia anthelmia (Spigeliaceae, Gentianales), an
annual tropical weed, is presented as an example demonstrat-
ing unusual prezygotic selection of the fittest male gameto-
phytes; in the autogamous flowers, the upper part of the style
detaches from the lower part at a histologically differentiated
area (Erbar and Leins 1999). This detachment, which occurs
shortly after the onset of anthesis, may be interpreted as a



$276 INTERNATIONAL JOURNAL OF PLANT SCIENCES

possible prezygotic selection, which counteracts possible in-
breeding depression following a decrease in genetic variability
through high self-fertilization. In S. anthelmia, many germi-
nated pollen grains remain on the upper part of the style after
its detachment from the lower part (fig. 27 in Erbar and Leins
1999); these pollen grains are the “losers” that could not keep
up with the competition. The fastest-growing pollen tubes,
however, have reached the lower stylar part before detachment
of the upper part and penetrate the ovules. Obviously, S. an-
thelmia accepts a lower seed set in favor of higher fitness of
the descendants; although sufficient pollen grains are deposited
onto the stigma, as a rule, not all of the ovules develop into
ripe seeds. However, maternal fitness or influence has not so

far been considered. Spigelia anthelmia, the only species of the
genus found outside America, is a successful pioneer plant and
weed, not only in tropical and subtropical America but also
in tropical Africa and Asia. Its success may perhaps be due to
its “strategy of controlled autogamy” (Erbar and Leins 1999,
p. 401).

Acknowledgments

I wish to express my thanks to Dr. Peter Leins for critical
reading of the manuscript and for all the discussions. I am
indebted to an anonymous reviewer for improving the
manuscript.

Literature Cited

Ashman T-L 2000 Pollinator selectivity and its implications for the
evolution of dioecy and sexual dimorphism. Ecology 81:2577-2591.

Bertin RI 1990 Effects of pollination intensity in Campsis radicans.
Am ] Bot 77:178-187.

Carr SGM, DJ Carr 1961 The functional significance of syncarpy.
Phytomorphology 11:249-256.

Charlesworth D 1988 Evidence for pollen competition in plants and
its relationship to progeny fitness: a comment. Am Nat 132:298-
302.

Cheung AY, H Wang, H-M Wu 1995 A floral transmitting tissue-
specific glycoprotein attracts pollen tubes and stimulates their
growth. Cell 82:383-393.

Correns C 1928 Bestimmung, Vererbung und Verteilung des Ge-
schlechtes bei den hoheren Pflanzen. Pages 56-58 in E Baur, EM
Hartmann, eds. Handbuch der Vererbungswissenschaft. Vol 2. C.
Borntraeger, Berlin.

Cruden RW 1976 Intraspecific variation in pollen-ovule ratios and
nectar secretion: preliminary evidence of ecotypic adaptation. Ann
Mo Bot Gard 63:277-289.

1977 Pollen-ovule ratios: a conservative indicator of breeding

systems in flowering plants. Evolution 31:32-46.

2000 Pollen grains: why so many? Plant Syst Evol 222:143-

165.

Cruzan MB 1986 Pollen tube distributions in Nicotiana glauca: ev-
idence for density dependent growth. Am J Bot 73:902-907.

1989 Pollen tube attrition in Erythronium grandiflorum. Am
J Bot 76:562-570.

Dafni A, D Firmage 2000 Pollen viability and longevity: practical,
ecological and evolutionary implications. Plant Syst Evol 222:113-
132.

de Nettancourt D 1977 Incompatibility in angiosperms. Springer,
New York.

Endress PK 1982 Syncarpy and alternative modes of escaping dis-
advantages of apocarpy in primitive angiosperms. Taxon 31:48-52.

1994 Diversity and evolutionary biology of tropical flowers.
Cambridge University Press, Cambridge.

Erbar C 1995 On the floral development of Sphenoclea zeylanica
(Sphenocleaceae, Campanulales): SEM-investigations on herbarium
material. Bot Jahrb Syst 117:469-483.

1998 Coenokarpie ohne und mit Compitum: ein Vergleich der
Gynoeceen von Nigella (Ranunculaceae) und Geranium (Gerani-
aceae). Beitr Biol Pflanz 71:13-39.

Erbar C, J Enghofer 2001 Untersuchungen zum Reproduktionssystem
der Wegwarte (Cichorium intybus, Asteraceae): Pollenportioni-
erung, Narbenbelegung und Pollenschlauchkonkurrenz. Bot Jahrb
Syst 123:179-208.

Erbar C, M Langlotz, P Leins 2001 Die Griffel der Bach-Nelkenwurz

Geum rivale L. (Rosaceae): Hakenbildung und Pollenschlauch-
konkurrenz. Wulfenia 8:95-109.

Erbar C, P Leins 1995 Portioned pollen release and the syndromes
of secondary pollen presentation in the Campanulales-Asterales-
complex. Flora 190:323-338.

1999 Secondary pollen presentation and a curious rupture of

the style in Spigelia (Spigeliaceae, Gentianales). Plant Biol 1:389-

402.

2000 Some interesting features in the capitulum and flower
of Arnaldoa macbrideana Ferreyra (Asteraceae, Barnadesioideae).
Bot Jahrb Syst 122:517-537.

2001 Ameisenausbreitung von Thesium rostratum (Santala-
ceae) Mert. & Koch in der Pupplinger Au. Ber Bayer Bot Ges Er-
forsch Heim Flora 71:43-52.

Fahn A 1982 Plant anatomy. 3d ed. Pergamon, Oxford.

Hanf M 1936 Vergleichende und entwicklungsgeschichtliche Unter-
suchungen iiber Morphologie und Anatomie der Griffel und Grif-
felaste. Beih Bot Centralbl A54:99-141.

Harder LD, JD Thomson 1989 Evolutionary options for maximizing
pollen dispersal of animal-pollinated plants. Am Nat 133:323-344.

Herrero M, JI Hormaza 1996 Pistil strategies controlling pollen tube
growth. Sex Plant Reprod 9:343-347.

Heslop-Harrison J 1983 Self-incompatibility: phenology and physi-
ology. Proc R Soc Lond B Biol Sci 218:371-395.

1987 Pollen germination and pollen tube growth. Int Rev Cy-
tol 107:1-78.

Hofmeister W 1864 Ueber den Bau des Pistills der Geraniaceen. Flora
47:401-410.

Hormaza JI, M Herrero 1992 Pollen selection. Theor Appl Genet 83:
663-672.

1996 Dynamics of pollen tube growth under different com-
petition regimes. Sex Plant Reprod 9:153-160.

Hiilskamp M, K Schneitz, RE Pruitt 1995 Genetic evidence for a long-
range activity that directs pollen tube guidance in Arabidopsis. Plant
Cell 7:57-64.

Johannsson MH, AG Stephenson 1997 Effects of pollination intensity
on the vigor of the sporophytic and gametophytic generation of
Cucurbita texana. Sex Plant Reprod 10:236-240.

Kalla SE, T-L Ashman 2002 The effects of pollen competition on
progeny vigor in Fragaria virginiana (Rosaceae) depend on progeny
growth environment. Int J Plant Sci 163:335-340.

Kenrick K, RB Knox 1982 Function of the polyad in reproduction of
Acacia. Ann Bot 50:721-727.

Knox RB 1984 Pollen-pistil interactions. Pages 508-608 in HF Lin-
skens, J Heslop-Harrison, eds. Encyclopedia of plant physiology,
NS, 17. Springer, Berlin.

Kroh M, AJ Munting 1967 Pollen-germination and pollen tube




ERBAR—POLLEN TUBE TRANSMITTING TISSUE $277

growth in Diplotaxis tenuifolia after cross-pollination. Acta Bot
Neerl 16:182-187.

Lee TD 1984 Patterns of fruit maturation: a gametophyte competi-
tion hypothesis. Am Nat 123:427-432.

Leins P 2000 Bliite und Frucht. Aspekte der Morphologie, Entwick-
lungsgeschichte, Phylogenie, Funktion und Okologie. Schweizer-
bartsche, Stuttgart.

Leins P, C Erbar 1982 Das monokarpellate Gynoeceum von Mono-
dora crispata (Annonaceae). Beitr Biol Pflanz 57:1-13.

Levin DA, DE Berube 1972 Phlox and Colias: the efficiency of a
pollination system. Evolution 36:903-913.

Malho R 1998 Pollen tube guidance: the long and winding road. Sex
Plant Reprod 11:242-244.

McKenna MA, DL Mulcahy 1983 Ecological aspects of gametophytic
competition in Dianthus chinensis. Pages 419-424 in DL Mulcahy,
E Ottaviano, eds. Pollen: biology and implications for plant breed-
ing. Elsevier, New York.

Mulcahy DL 1979 The rise of the angiosperms: a genecological factor.
Science 206:20-23.

Mulcahy DL, PS Curtis, AA Snow 1983 Pollen competition in a nat-
ural population. Pages 330-337 in CE Jones, R] Little, eds. Hand-
book of experimental pollination biology. Scientific & Academic
Editions, New York.

Mulcahy DL, GB Mulcahy 1975 The influence of gametophytic com-
petition on sporophytic quality in Dianthus chinensis. Theor Appl
Genet 46:277-280.

1987 The effects of pollen competition. Am Sci 75:44-50.

Miiller M 2000 Vergleichende Bliitenbiologie an verschiedenen Epi-
lobium-Arten. Diploma thesis. University of Heidelberg.

Nazarov VV, G Gerlach 1997 The potential seed productivity of or-
chid flowers and peculiarities of their pollination systems. Lindley-
ana 12:188-204.

Niesenbaum RA 1999 The effects of pollen load size and donor di-
versity on pollen performance, selective abortion, and progeny vigor
in Mirabilis jalapa (Nyctaginaceae). Am ] Bot 86:261-268.

Palmer TM, M Zimmermann 1994 Pollen competition and sporo-
phytic fitness in Brassica campestris: does intense pollen competition
result in individuals with better pollen? Oikos 69:80-86.

Plitmann U 1993 Pollen tube attrition as related to breeding systems
in Brassicaceae. Plant Syst Evol 188:65-72.

Ramirez N, A Seres 1994 Plant reproductive biology of herbaceous
monocots in a Venezuelan tropical cloud forest. Plant Syst Evol 190:
129-142.

Ray S, S-S Park, A Ray 1997 Pollen tube guidance by the female
gametophyte. Development 124:2489-2498.

Richardson TE, AG Stephenson 1991 Effects of parentage, prior fruit
set and pollen load on fruit and seed production in Campanula
americana L. Oecologia 87:80-85.

Sage TL, RI Bertin, EG Williams 1994 Ovarian and other late-acting
self-incompatibility systems. Pages 116-140 in EG Williams, AE
Clarke, AE Knox, eds. Genetic control of self-incompatibility and
reproductive development in flowering plants. Kluwer, Dordrecht.

Sassen MMA 1974 The stylar transmitting tissue. Acta Bot Neerl 23:
99-108.

Schemske DW, C Fenster 1983 Pollen-grain interactions in a Neo-
tropical Costus: effects of clump size and competitors. Pages 405—
410 in DL Mulcahy, E Ottaviano, eds. Pollen: biology and impli-
cations for plant breeding. Elsevier, New York.

Schlichting CD, AG Stephenson, LE Davis 1987 Pollen competition
and offspring variance. Evol Trends Plant 1:35-39.

Schlichting CD, AG Stephenson, LE Small 1990 Pollen loads and
progeny vigor in Cucurbita pepo: the next generation. Evolution 44:
1358-1372.

Shimizu KK, K Okada 2000 Attractive and repulsive interactions be-
tween female and male gametophytes in Arabidopsis pollen tube
guidance. Development 127:4511-4518.

Smith-Huerta NL 1997 Pollen tube attrition in Clarkia tembloriensis
(Onagraceae). Int J Plant Sci 158:519-524.

Snow AA 1986a Evidence for and against pollen tube competition in
natural populations. Pages 405-410 in DL Mulcahy, GB Mulcahy,
E Ottaviano, eds. Biotechnology and ecology of pollen. Springer,
New York.

1986b Pollination dynamics in Epilobium canum (Onagra-
ceae): consequences for gametophytic selection. Am J Bot 73:139-
151.

Snow AA, TP Spira 1991 Pollen vigour and the potential for sexual
selection in plants. Nature 352:796-797.

Sonnberger M 2002 Aspekte der Reproduktionsbiologie des Echten
Steinsamen (Lithospermum officinale, Boraginaceae). Bibl Bot 154:
1-150.

Stephenson AG, MR Quesada, CD Schlichting, JA Winsor 1995
Consequences of variation in pollen load size. Syst Bot Monogr 53:
233-244.

Tanksley SD, D Zamir, CM Rick 1981 Evidence for extensive overlap
of sporophytic and gametophytic gene expression in Lycopersicon
esculentum. Science 213:453-455.

Tilton VR 1980 The nucellar epidermis and micropyle of Ornithog-
alum caudatum (Liliaceae) with a review of these structures in other
taxa. Can | Bot 58:1872-1884.

Tilton VR, T Horner 1980 Stigma, style, and obturator of Ornithog-
alum caudatum (Liliaceae) and their function in the reproductive
process. Am ] Bot 67:1113-1131.

Visser T 1983 A comparison of the mentor and pioneer pollen tech-
niques in compatible and incompatible pollination of apple and pear.
Pages 229-236 in DL Mulcahy, E Ottaviano, eds. Pollen: biology
and implications for plant breeding. Elsevier, New York.

1986 The interaction between compatible or compatible and
self-incompatible pollen of apple and pear as influenced by polli-
nation interval and orchard temperature. Pages 167-172 in DL Mul-
cahy, GB Mulcahy, E Ottaviano, eds. Biotechnology and ecology of
pollen. Springer, New York.

Walsh NE, D Charlesworth 1992 Evolutionary interpretation of dif-
ferences in pollen tube growth rates. Q Rev Biol 67:19-37.

Wilhelmi LK, D Preuss 1996 Self-sterility in Arabidopsis due to de-
fective pollen tube guidance. Science 274:1535-1537.

1999 The mating game: pollination and fertilization in flow-
ering plants. Curr Opin Plant Biol 2:18-22.

Willing RP, JP Mascarenhas 1984 Analysis of the complexity and di-
versity of mRNAs from pollen and shoots of Tradescantia. Plant
Physiol 75:865-868.

Winsor JA, LE Davis, AG Stephenson 1987 The relationship between
pollen load and fruit maturation and the effect of pollen load on
offspring vigor in Cucurbita pepo. Am Nat 129:643-656.

Winsor JA, S Peretz, AG Stephenson 2000 Pollen competition in a
natural population of Cucurbita foetidissima (Cucurbitaceae). Am
J Bot 87:527-532.

Wu H-M, H Wang, AY Cheung 1995 A pollen tube growth stimu-
latory glycoprotein is deglycosilated by pollen tubes and displays a
glycosilation gradient in the flower. Cell 82:393-403.

Wyatt R, SB Broyles, SR Lipow 2000 Pollen-ovule ratios in milkweeds
(Asclepiadaceae): an exception that probes the rule. Syst Bot 25:
171-180.

Yan H, H-Y Yang, WA Jensen 1991 Ultrastructure of the micropyle
and its relationship to pollen tube growth and synergid degeneration
in sunflower. Sex Plant Reprod 4:166-175.




Copyright of International Journal of Plant Sciences is the property of University of
Chicago Press and its content may not be copied or emailed to multiple sites or
posted to a listserv without the copyright holder's express written permission.
However, users may print, download, or email articles for individual use.



