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The synergid cell of Torenia fournieri attracts pollen tubes by a diffusible but yet unknown chemical attractant. Here we
investigated the species difference of the attractant using five closely related species in two genera, namely T. fournieri, Torenia
baillonii, Torenia concolor, Lindernia (Vandellia) crustacea, and Lindernia micrantha. These five species have an exserted embryo sac,
and ablation experiments confirmed that their synergid cells attracted the pollen tube. When ovules of T. fournieri and one of
the other species were cultivated together with pollen tubes of each species, pollen tubes were significantly more attracted to
synergid cells of the corresponding species. The attraction was not affected by the close proximity of embryo sacs of different
species. This suggests that the attractant is a species-preferential molecule that is likely synthesized in the synergid cell. The
calcium ion, long considered a potential attractant, could not serve as the sole attractant in these species, because elevation of
the calcium ion concentration did not affect the observed attraction. In vivo crossing experiments also showed that the
attraction of the pollen tube to the embryo sac was impaired when pollen tubes of different species arrived around the embryo
sac, suggesting that the species preferentiality of the attractant may serve as a reproductive barrier in the final step of di-
rectional control of the pollen tube.

The chemistry of pollen tube guidance has been
studied for more than a century. Many attempts have
been made to identify the guidance cues that regulate
the directional growth of pollen tubes in pistils. Sev-
eral molecules potentially involved in pollen tube
guidance have been identified, including the guidance
cue. External calcium ions were first identified as a
potential attractant in the snapdragon (Antirrhinum
majus) pistil using classic in vitro tests (Mascarenhas
and Machlis, 1962). Other small molecules, including
sugars (Reger et al., 1992) and nitric oxide (Prado et al.,
2004), are also reported to control directionality of the
pollen tube by using in vitro tests. A 9.9-kD basic
protein, chemocyanin, was isolated from lily (Lilium
longiflorum) stigma proteins by biochemical fraction-
ation using in vitro tests of its ability to attract pollen
tubes (Kim et al., 2003). A single homolog of chemo-

cyanin may also be involved in pollen tube guidance
in Arabidopsis (Arabidopsis thaliana), according to in
vivo experiments (Dong et al., 2005). A gradient of the
concentration of water in lipids (triacylglycerides) on
the stigmas of tobacco (Nicotiana tabacum) and Arabi-
dopsis was proposed to be critical for the initial
directional growth of the pollen tube entering the
stigma (Wolters-Arts et al., 1998). Transmitting tissue-
specific protein in tobacco (Cheung et al., 1995; Wu
et al., 1995, 2000) and stigma/stylar Cys-rich adhesin
and pectin in lily (Mollet et al., 2000; Park and Lord,
2003) were identified in style tissue and shown to be
necessary for the growth of the pollen tube in the style.
An appropriate concentration of g-aminobutyric acid
(GABA) concentrated toward the nucellus tissue sur-
rounding the embryo sac was proposed to aid the
pollen tube in navigating toward the ovule (Palanivelu
et al., 2003). In the maize (Zea mays) embryo sac (fe-
male gametophyte), ZmEA1 is expressed in both the
egg cell and the synergid cells, and its product appears
to be secreted into the micropyle, which was shown to
be required for pollen tube guidance (Márton et al.,
2005). Guidance by these molecules allows pollen tubes
to grow directionally toward the target embryo sacs.
However, both in vivo and in vitro confirmation that
these molecules are the true attractants governing pol-
len tube guidance are required.

The two synergid cells to either side of the egg cell
are the most plausible emitters of chemoattractants
and are involved in navigating the final growth of the
pollen tube toward the embryo sac. In Torenia fournieri,
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pollen tubes are directly attracted to the exserted
embryo sac in vitro (Higashiyama et al., 1998). Laser
ablation experiments identified the source of the dif-
fusible signal as the two synergid cells (Higashiyama
et al., 2001). Once attracted, pollen tubes of T. fournieri
never leave the embryo sac and form narrow coils on
the surface of the micropylar end of the embryo sac
before entering the sac, suggesting that the pollen tube
is trapped at the highest concentration of the chemo-
attractant. In Arabidopsis, the target embryo sac itself
guides the final steps of the pollen tube into the ovary
(Hülskamp et al., 1995; Ray et al., 1997; Shimizu and
Okada, 2000), and use of the mutant line myb98, which
is defective in synergid cell development, revealed
that the last guidance toward the micropyle is pro-
vided by the synergid cell (Kasahara et al., 2005).

Two molecules have been reported to be candidates
for pollen tube attractants that are derived from the
synergid cells. One is the external calcium ion. In vitro
test results suggest that calcium is an attractant derived
from the pistil, in particular the ovule (Mascarenhas
and Machlis, 1962, 1964; Reger et al., 1992). Using
various histochemical methods including calcium an-
timonate precipitation, proton-induced x-ray emission,
and fluorescent calcium probes, high concentrations of
calcium have been observed in synergid cells and the
neighboring extracellular matrices in various species
(Jensen, 1965; Chaubal and Reger, 1990, 1992a, 1992b,
1993; Huang and Russell, 1992; Tirlapur et al., 1993;
Tian and Russell, 1997), including T. fournieri (Kristóf
et al., 1999). The second potential attractant is ZmEA1
(Márton et al., 2005). The ZmEA1 gene was originally
identified from a maize egg cell cDNA library and was
shown to be expressed more abundantly in the syner-
gid cell. ZmEA1 protein fused with green fluorescent
protein appeared to be secreted toward the extracel-
lular matrix of the nucellus at the micropyle, and some
antisense RNA and RNAi lines showed reduced fer-
tility because of a defect in pollen tube guidance at
the micropyle. ZmEA1 is a member of a large family
of EA1-like genes found in flowering plants (Gray-
Mitsumune and Matton, 2006). ZmEA1 is a good
candidate for a synergid cell-derived chemoattractant,
but ability of purified ZmEA1 to attract the pollen tube
has not yet been demonstrated.

Species difference can provide insight into the chem-
ical properties of the chemoattractant, which might be
a more complex compound such as ZmEA1 rather
than a low-Mr compound such as the calcium ion.
Species difference could also function as a reproduc-
tive barrier at the pollen tube guidance step. To deter-
mine if the attractant derived from the synergid cell is
a species-specific molecule, an in vitro system using
the exserted embryo sac seems indispensable, because
it enables the exclusion of other guidance steps. When
the exserted embryo sac is used, the basal end of the
synergid cell is directly exposed to the medium and
the attraction signal spreads into the medium from the
synergid cell; pollen tubes do not need to grow on the
surface of the surrounding tissues of the embryo sac,

which may also contribute to pollen tube guidance. By
mixing ovules of two species, one can critically exam-
ine whether pollen tubes sense the attraction signal of
a different species under conditions in which they can
surely respond to the attraction signal of their own
species. In addition, the condition of the synergid cell
is easily observed in the exserted embryo sac, but the
attraction can only be examined in embryo sacs with
complete synergid cells (the synergid is a fragile cell;
Higashiyama et al., 1998). Ablation experiments using
UV lasers are also possible in the exserted embryo sac,
as shown in T. fournieri (Higashiyama et al., 2001), and
can be used to confirm the role of the synergid cell in
pollen tube attraction.

In this study, to characterize the properties of the
chemoattractant derived from the synergid cell, we
investigated the species difference of the attractant
using an in vitro T. fournieri system and four closely
related species that possess an exserted embryo sac.
The attractant from the synergid cell appeared to be a
species-preferential molecule and may have a role
in the reproductive barrier. Finally, it was suggested
that the calcium ion was not solely the synergid cell-
derived attractant in T. fournieri.

RESULTS

Scrophulariaceae Species with an Exserted Embryo Sac
Can Be Fertilized in Vitro in the Same Manner
as T. fournieri

To determine if the attractant derived from the
synergid cell was a species-specific molecule, we first
surveyed several plant species with exserted embryo
sacs. As reviewed by Maheshwari (1950), some flower-
ing plant species exhibit exserted embryo sacs, includ-
ing some species of Philadelphus, Thesium, Galium,
Utricularia, Lindernia (Vandellia), and Torenia. This
study required plants with ovaries with a large num-
ber of ovules that are suitable for cultivation. Because
Galium species possess only a few ovules per ovary,
and excision is difficult because the ovules are em-
bedded in the ovarian tissue, these species were un-
suitable. Philadelphus species, such as Philadelphus
satsumi, possess a large number of ovules with an ex-
serted embryo sac, and their flowers are readily avail-
able because of their popularity as ornamental plants.
However, Philadelphus ovules tended to brown and
inhibit growth of pollen tubes in culture. Utricularia
(Utricularia spp.), an aquatic vermivorous plant, was
not used because its flowers are difficult to obtain
under laboratory conditions.

The Torenia and Lindernia genera of the Scrophu-
lariaceae contain several species with an exserted
embryo sac. In plants of these genera, up to several
hundred ovules were obtained from individual ova-
ries. These plants easily grew and bloomed in growth
chambers; their pollen tubes and ovules were able to be
cultivated in the same manner as those of T. fournieri.
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Torenia plants and flowers were larger than those of
Lindernia, and the Torenia genus provided the most
easily usable exserted embryo sacs. All of the Torenia
species tested possessed an exserted embryo sac, but
Lindernia showed variations; among the four tested
species, Lindernia crustacea (Vandellia crustacea) and
Lindernia micrantha (Vandellia angustifolia) possessed
an exserted embryo sac, but Lindernia setulosa (Vandel-
lia setulosa) and Lindernia antipoda (Vandellia anagallis)
possessed a normal embryo sac enclosed by the integ-
ument. Therefore, we chose five species in two genera
for subsequent analyses: T. fournieri, Torenia baillonii,
Torenia concolor, L. crustacea, and L. micrantha. Flowers
and ovules of these five species are shown in Figure 1.
All five species exhibit an exserted embryo sac of the
Polygonum type that protrudes from the micropyle of
the ovule.

Figure 2 presents the results of a phylogenetic
analysis using the large subunit of Rubisco (rbcL)
nucleotide sequences from three Torenia and four
Lindernia species, as well as 32 other species in the
Scrophulariaceae (Wolfe and dePamphilis, 1998). The
genes from the Torenia and Lindernia species formed a
monophyletic group in the Scrophulariaceae with high
bootstrap values: 99.5% for maximum parsimony (MP)

analysis and 99.8% for neighbor-joining (NJ) analysis
and high posterior probability (1.0 for Bayes’ theo-
rem). Within this monophyletic group, the five species
with exserted embryo sacs subsequently used in our
analyses constituted a clade with high bootstrap val-
ues (97.7% for MP and 99.3% for NJ) and high poste-
rior probability (1.0 for Bayes’ theorem). These results
suggest that the five species are closely related. Among
the five species, T. baillonii appeared closest to T. fournieri,
while L. micrantha appeared most divergent.

Confirmation of the Synergid Cell Origin
of the Attractant in the Studied Species

Before investigating the species difference, we con-
firmed that the pollen tube attraction occurred in vitro
in all plant species and that the source of the attraction
signal was the synergid cell, as in T. fournieri (Fig. 3).
Ovules and a pollinated style of each species were
cultivated in a medium previously used for T. fournieri
(Higashiyama et al., 1998, 2001). In proportion to the
size of the pistil, both the number of ovules and the
length and number of pollen tubes increased on this
medium. The number of ovules in an ovary was 300 to
500 in T. fournieri and T. baillonii, more than 500 in
T. concolor, about 150 in L. crustacea, and about 300 in
L. micrantha. After overnight growth in culture, attrac-
tion of the pollen tube to the embryo sac was observed
in all species (Fig. 3A); there were multiple pollen
tubes around ovules, and some of them grew toward
the micropylar end of the embryo sac to form a narrow
coil, as described for T. fournieri (Higashiyama et al.,
1998). Discharge of the pollen tube contents and onset
of seed development were observed as frequently as in
T. fournieri. When pollen tubes of these species were
germinated on the medium, no attraction of pollen
tubes was observed (data not shown), as also shown
for T. fournieri (Higashiyama et al., 1998), probably
because the pollen tubes failed to acquire the response
capability.

The ratios of the complete embryo sac (possessing
the egg cell, two synergid cells, and the central cell)
attracting pollen tubes are shown in Figure 3B. Most
complete embryo sacs of the Torenia species attracted
pollen tubes (88.4% 6 6.9% in T. fournieri [n 5 141],
88.0% 6 6.5% in T. baillonii [n 5 161], and 91.2% 6 8.1%
in T. concolor [n 5 159]); the percentages refer to the
ratio of embryo sacs attracting pollen tubes out of all
complete embryo sacs with SD of three replications,
and n refers to total number of complete embryo sacs
counted. Considering the distance of attraction, a few
hundred micrometers at most (Higashiyama et al.,
2003), ovules that had pollen tubes in the vicinity
(approximately 100 mm) were included in calculating
the ratio of pollen tube attraction. The complete em-
bryo sacs of Lindernia species also attracted pollen
tubes, but at lower frequencies than Torenia embryo
sacs (16.7% 6 8.0% in L. crustacea [n 5 132] and 42.8% 6
11.7% in L. micrantha [n 5 120]). This result was due to
limitations to the numbers and lengths of pollen tubes

Figure 1. The five Scrophulariaceae species used in this study with
exserted embryo sacs. Flowers (A, D, G, J, and M), ovules (B, E, H, K, and
N), and exserted embryo sacs (C, F, I, L, and O) of T. fournieri (A–C),
T. baillonii (D–F), T. concolor (G–I), L. crustacea (J–L), and L. micrantha
(M–O) are shown. Arrowheads indicate an exserted embryo sac. Bars in
A, D, G, J, and M indicate 1 cm; the bar in B indicates 100 mm for B, E,
H, K, and N; and the bar in C indicates 30 mm for C, F, I, L, and O.
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in Lindernia; pollen tubes could not cover the entire
area of the ovules, and there were no pollen tubes in
the vicinity of many ovules. It has been proposed that
the attraction of the T. fournieri pollen tube by the
synergid cell is effective within a few hundred mi-
crometers in this medium (Higashiyama, 2002).

We next confirmed the contribution of the synergid
cell to the attraction. When the synergid cells on either
side of the egg cell were ablated using a UV laser, the
attraction was completely halted in all species (0%; n 5
62 for T. fournieri, n 5 72 for T. baillonii, n 5 66 for
T. concolor, n 5 60 for L. crustacea, and n 5 60 for
Lindernia angustifolia; Fig. 3B). We confirmed that in all
tested species, the synergid cell attracts the pollen tube,
as previously reported for T. fournieri (Higashiyama
et al., 2001).

Species Preferentiality of the Synergid Cell-Derived
Pollen Tube Attractant

To examine the species difference of the attractants
derived from the synergid cells, we cultivated T. four-
nieri ovules with ovules of other plant species (Fig. 4).
Pollen tubes of each plant species were then grown.
Ovules of T. fournieri and the other species could be
distinguished by appearance (size, shape, and color of
chloroplasts in the integument), as shown in Figure 1.
However, it was impossible to discriminate among
pollen tubes of different species. Therefore, ovules
were mixed together and pollen tubes of each plant
species were grown in separate experiments. Mixing of
ovules allowed us to check that pollen tubes were able
to respond to the attractant of the same species.

Figure 4 shows the results of pollen tube attraction
in the presence of ovules of two different species in a
culture. When T. fournieri and T. baillonii ovules were
cultivated together in the same dish, T. fournieri pollen
tubes tended to grow toward T. fournieri embryo sacs
(68.6% 6 15.4%; n 5 102 [total no. of embryo sacs
counted]), although the tubes also grew toward
T. baillonii embryo sacs (34.5% 6 12.9%; n 5 132).
Similarly, T. baillonii pollen tubes tended to grow to-

ward both T. baillonii embryo sacs (66.8% 6 20.6%; n 5
200) and T. fournieri embryo sacs (54.3% 6 22.0%; n 5
112). The difference of the attraction was significant (x2

test; P , 0.01). A similar tendency was observed when
T. concolor was used in place of T. baillonii; T. fournieri
pollen tubes were attracted by T. fournieri embryo sacs
at 64.2% 6 22.7% (n 5 96) and by T. concolor embryo

Figure 3. Pollen tube attraction by synergid cell of each plant species in
vitro. A, DIC images of pollen tube attraction. The species of both the
ovule and pollen tube are indicated at the top left of each segment.
Arrowheads indicate an exserted embryo sac, and arrows indicate
attracted pollen tubes. B, Frequencies of pollen tube attraction are
shown for complete embryo sacs (SYs1) and embryo sacs with two
ablated synergid cells (SYs2). Each column indicates the mean value
with the SD of three replications. Bar 5 50 mm.

Figure 2. Phylogenetic reconstruction based on
MP analysis of rbcL nucleotide sequences. From
an analysis of 41 Scrophulariaceae species, only
the branch that contained Torenia and Lindernia
is shown. L. antipoda and L. setulosa, which do
not produce exserted embryo sacs, are also in-
cluded. Bootstrap values in percentages for the
MP and NJ methods and the posterior probability
(for Bayes’ theorem) are indicated.
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sacs at 36.4% 6 21.6% (n 5 113), and T. concolor pollen
tubes were attracted by T. concolor embryo sacs at
79.1% 6 10.8% (n 5 90) and by those of T. fournieri at
35.4% 6 29.8% (n 5 146; x2 test; P , 0.01). When
L. crustacea was used, few T. fournieri pollen tubes grew
toward L. crustacea embryo sacs (1.7% 6 3.4%; n 5
134). In contrast, L. crustacea pollen tubes grew toward
the embryo sacs of both T. fournieri (47.7% 6 25.8%; n 5
96) and L. crustacea (13.1% 6 3.6%; n 5 101); interest-
ingly, L. crustacea pollen tubes tended to grow toward
the embryo sacs of T. fournieri (t test; P , 0.05). In the
most divergent combination, T. fournieri and L. micran-
tha, pollen tubes of each species grew primarily to-
ward embryo sacs of the same species; T. fournieri
pollen tubes were specifically attracted to T. fournieri
embryo sacs at 85.0% 6 16.3% (n 5 159; L. micrantha;
0% [n 5 154]), and L. micrantha pollen tubes were
attracted to their own embryo sacs at 30.0% 6 9.1%
(n 5 110) and to those of T. fournieri at 3.1% 6 6.3% (n 5
90). These results indicate that the attraction signals of
these plant species differ.

To determine whether different concentrations of
the same attractant are responsible for the species-
preferential attraction responses, we used T. fournieri
and Lindernia ovules to examine whether intraspecies
attraction is affected by the presence of ovules of a
different species (Fig. 5). If the attractant was a species-
preferential difference in concentration and not a
species-preferential molecule, the resulting higher
concentration of attractant should mask or erase the
signal conveyed by a lower concentration of attractant.
At the start of cultivation, a micromanipulator was
used to move about 10 ovules of both species (10 each
of Torenia and Lindernia ovules) to face the embryo
sacs toward sacs of the other species. As the distance
between the micropylar ends of these embryo sacs
(filiform apparatus of synergid cells) was within 30 mm,
they were always in the range of attraction of the
T. fournieri synergid cells (Higashiyama et al., 2003;

R. Inatsugi, A. Nakano, and T. Higashiyama, unpub-
lished data). The resulting frequency of attraction was
similar to that without manipulation of ovules, and the
attraction was not impaired by the presence of embryo
sacs of another species (Fig. 5; n 5 30 in total for each
column). Thus, the attractant derived from the syner-
gid cell, at least in T. fournieri and closely related
species, is likely a species-preferential molecule.

Contribution of the Stigma and Style Tissues
to Species Preferentiality

Pollen tubes used in attraction studies with Torenia
require a period of tube elongation within the style to
gain their competence to respond to the synergid
chemical signal (Higashiyama et al., 1998). To deter-
mine whether species preferentiality was involved in
acquiring this competence, we next changed species of
the style tissue (Fig. 6). The growth of the pollen tube
decreased with increasing divergence between the
pollen species and the style species. However, in all
combinations tested, pollen grains germinated on the
stigma and began to grow in the stylar canal of hetero-
geneous species. When T. fournieri pollen grains were
applied to T. baillonii stigmas, emergent T. fournieri

Figure 4. Species preferentiality of the pollen tube attraction signal
derived from the synergid cell. Each column indicates the mean value
with the SD of three replications. OV, Ovule; PT, pollen tube; ST, style;
Tf, T. fournieri; Tb, T. baillonii; Tc, T. concolor; Lc, L. crustacea; Lm,
L. micrantha.

Figure 5. Species preferentiality assay following micromanipulation of
ovules to place embryo sacs of different genera opposite each other. A,
DIC images of T. fournieri (left) and L. micrantha (right) pollen tube
attraction in the presence of a heterogeneous embryo sac. Arrows
indicate attracted pollen tubes. B, Frequency of pollen tube attraction
following micromanipulation of ovules to place embryo sacs of different
genera opposite each other. Ten sets of ovules were used in each ex-
periment, and each column indicates the mean value with the SD of
three replications. ES, Embryo sac; OV, ovule; PT, pollen tube; ST, style;
Tf, T. fournieri; Lc, Lindernia crustacea; Lm, L. micrantha. Bar 5 50 mm.
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pollen tubes still tended to grow toward T. fournieri
embryo sacs (69.0% 6 21.6%; n 5 82) rather than to
T. baillonii embryo sacs (33.9% 6 17.5%; n 5 104). In
contrast, T. baillonii pollen tubes that grew through
T. fournieri styles tended to grow toward T. baillonii
embryo sacs (77.2% 6 21.5%; n 5 101) rather than to
T. fournieri embryo sacs (63.4% 6 15.8%; n 5 79). The
tendency of attraction was significant (x2 test; P ,
0.01). A similar pattern was observed when T. concolor
was used instead of T. baillonii (x2 test; P , 0.01). These
results indicate that pollen tube detection of the syn-
ergid cell attractant is conferred by pollen species, not
by sporophytic factors found in the style on which the
pollen tube grows.

When Lindernia species were used, Lindernia pollen
tubes did not emerge from the cut ends of T. fournieri
styles, as described later; however, T. fournieri pol-
len tubes did emerge from Lindernia styles, but the
number of pollen tubes decreased (Fig. 6). The Torenia
pollen tubes growing through Lindernia styles showed
impaired growth, as they were considerably shorter
than tubes grown in Torenia styles. These T. fournieri
pollen tubes were not attracted to the synergid cells of
either T. fournieri or the Lindernia species. They ap-
peared to fail to acquire the capability to respond to
the attraction signal because of the heterogeneous con-
ditions of the stigma and style.

Evaluation of Potential Low-Mr Attractants

The species preferentiality of the pollen tube attrac-
tant is inconsistent with the classical hypothesis of
calcium ion as the attractant. The low-molecular mass
external calcium ion has been thought to be the pollen
tube attractant derived from the ovule, or more pre-
cisely, the synergid cell, and was thought to form
a concentration gradient in the pistil. To examine
whether calcium ions are the attractant derived from
the T. fournieri synergid cell, we increased the concen-

tration of calcium ions in the medium. If an appropri-
ate calcium ion concentration gradient had already
been established by the synergid cell in the medium,
the additional elevation of the calcium ion concentra-
tion in the medium should disturb the signal.

Figure 7A shows the relation between the calcium
ion concentration (top) and the GABA concentration
(bottom) in the medium and length of pollen tubes
growing semi-in vitro. The effects of GABA, a poten-
tial chemoattractant derived from ovular sporophytic
tissues (Palanivelu et al., 2003), were examined in the
presence of 2 mM calcium ions. Calcium ions are gen-
erally essential to pollen tube growth. In T. fournieri,
calcium ions promoted pollen tube growth and were
most effective at 2 mM, which was the concentration of
the in vitro T. fournieri system. At calcium concentra-
tions greater than 10 mM, pollen tube growth was con-
siderably impaired. GABA also promoted the growth
of T. fournieri pollen tubes, as reported for Arabidopsis
(Palanivelu et al., 2003), but at GABA concentrations
greater than 10 mM, the growth of T. fournieri pollen
tubes was impaired.

Figure 7B shows the effects of increasing the calcium
ion and GABA concentrations in the medium on the
percentage of embryo sacs attracting pollen tubes.
Even when the calcium ion and GABA concentrations
were increased to 20 and 10 mM, respectively, T. fournieri
pollen tubes were still attracted by the synergid cell,
although pollen tube growth began to be impaired.
These results indicate that calcium ions and GABA
cannot be the sole attractants of pollen tubes derived
from T. fournieri synergid cells.

In Vivo Crossing Analysis

Finally, we examined the possibility that the species
preferentiality of the attractant serves as a reproduc-
tive barrier in vivo. In all crosses tested, pollen grains
were germinated on heterogeneous stigma and pollen

Figure 6. Species preferentiality of pollen tube at-
traction with stigma and style tissues of different
species. Each column indicates the mean value with
the SD of three replications. Lindernia pollen tubes did
not come out of the T. fournieri styles, and Lindernia
stigma/style tissues poorly supported growth of Tor-
enia pollen tubes semi-in vitro. OV, Ovule; PT, pollen
tube; ST, style; Tf, T. fournieri; Tb, T. baillonii; Tc,
T. concolor; Lc, L. crustacea; Lm, L. micrantha.
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tubes began to grow (Fig. 8). Figure 8B shows fre-
quencies of penetration of the embryo sac by the
pollen tube in each cross. In most combinations, except
for the pollination of Lindernia pollen on Torenia
pistils, pollen tubes reached the ovary locules where
exserted embryo sacs were present (Fig. 8A, except
Lc 3 Tf and Lm 3 Tf). Pollen tubes of heterologous
species arrived at the ovary in the same time period as
tubes of the same species but showed a decreased ratio
of penetration of the embryo sac, as shown in Figure
8B. This raises the possibility that pollen tube guidance
in the ovary was impaired, suggesting that the species
preferentiality of the attraction signal from the syner-
gid cell acts as a reproductive barrier. At a consider-
able time after pollination, such as a few days later,
most embryo sacs of Torenia had received pollen tubes
by interspecific crosses, and some sacs of Lindernia
had received tubes by intergenic crosses using T. fournieri
(data not shown). Fertilization may have been delayed
in these crossings.

Because no Lindernia pollen tubes were observed in
Torenia ovaries, we stained pollen tubes in the Torenia
style with aniline blue and found that the pollen tubes
stopped growing within the style after a period of
normal growth (Fig. 8A, Lc 3 Tf and Lm 3 Tf ). The
tubes stopped growing at a particular place and formed
narrow coils or zigzag growth patterns, and finally
their growth appeared to be arrested. Interestingly, the
tubes of L. crustacea and L. micrantha grew straight
within the length of their own pistils, growing straight
for 6.2 6 0.3 mm (no. of stylar canals observed, n 5 6)
and 6.8 6 0.3 mm (n 5 6), respectively, whereas the
length of pistils of L. crustacea was 5.3 6 0.2 mm (n 5
10) and that of L. micrantha was 6.3 6 0.2 mm (n 5 10).

DISCUSSION

In this study, we demonstrated that the attraction
signal from the T. fournieri synergid cell and closely

related species is strongly species preferential. Species
preferentiality and specificity in the last phases of
guidance has also been implied in interspecific and
intergenic crosses using Arabidopsis (Shimizu and
Okada, 2000; Shimizu, 2002; Palanivelu and Preuss,
2006). However, directional growth of pollen tubes in
the pistil is governed by complex multistep controls
from both the female sporophyte and gametophyte

Figure 7. Pollen tube attraction in the presence of
high concentrations of Ca21 and GABA in the me-
dium. A, Relationship between the concentrations of
Ca21 and GABA and pollen tube length. GABA was
tested in the presence of 2 mM Ca21. Arrows indicate
concentrations of Ca21 or GABA tested in B. B,
Frequencies of pollen tube attraction in the presence
of high concentrations of Ca21 and GABA. The mean
value with the SD of three replications is shown.

Figure 8. In vivo crossing analysis. A, DIC images show ovules with or
without pollen tube penetration, and aniline-blue-stained images show
pollen tubes whose growth has stopped in the style (Lc 3 Tf; Lm 3 Tf ).
The ovules and pollen tubes were excised and observed at 1 d after
pollination, as described previously (Higashiyama et al., 1997). Labels
indicate the species of pollen (former) and pistil (latter) used in each
cross. Arrowheads indicate an exserted embryo sac, and arrows
indicate pollen tubes attracted to the sacs. B, Frequencies of penetra-
tion of the embryo sac by the pollen tube at 1 d after pollination. Each
column indicates the mean value with the SD of three replications. PI,
Pistil; PT, pollen tube; Tf, T. fournieri; Tb, T. baillonii; Tc, T. concolor;
Lc, L. crustacea; Lm, L. micrantha. Bar 5 50 mm.
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(Higashiyama et al., 2003; Johnson and Lord, 2006).
Thus, it is difficult to evaluate the species difference at
specific guidance steps; for example, impaired guid-
ance in the ovary locule may be due to species
preferentiality in not only the guidance cue but also
the capacitation of the pollen tube (Higashiyama et al.,
2003). Thus, we mixed ovules of different species and
examined which species were targeted by pollen tubes.
The frequency of same-species pollen tube attraction
could be checked to confirm that pollen tubes are
primed to respond to the signal in the medium. Laser
ablation experiments confirmed that the attraction
signal in the medium is derived from the synergid
cells in both T. fournieri and other species (Fig. 3).
These results show convincingly that the attraction
signal from the synergid cell is species preferential.
Specificity occurred at the genus level but did not
occur at the species level of Torenia. It might be pos-
sible to speculate that at the species level of Torenia, an
attractant molecule could be sensed by a receptor of
other plant species but could not match it. Divergence
in functional similarity of the attractant closely paral-
leled that of phylogenetic distance.

In the most divergent species combination, T. four-
nieri and L. micrantha, the attraction signal from the
synergid cell of each species did not interfere with the
attraction of the other species (Fig. 5). The attraction
was also not disturbed in the T. fournieri and L. crus-
tacea combination. Thus, we excluded the possibility
that these species use the same attractant but at dif-
ferent concentration ranges. Each species likely uses
a different molecule, and these molecules likely di-
verged rapidly during evolution. These attractants
may be molecules synthesized in the synergid cell,
like the ZmEA1 protein in maize (Márton et al., 2005).
Analysis of genes specifically expressed in the syner-
gid cell will provide insight into the molecular mech-
anism of chemoattraction, including the synthesis
and secretion of attractants. For example, the MYB98
gene of Arabidopsis is specifically expressed in the
synergid cell and governs pollen tube guidance and
the formation of the filiform apparatus, which appears
to be important for secretion of the chemoattractant
(Kasahara et al., 2005).

It should also be noted that we do not exclude the
possibility that Torenia and Lindernia species use
attractants at different concentration ranges. For ex-
ample, L. crustacea pollen tubes were more attracted to
T. fournieri embryo sacs rather than to L. crustacea em-
bryo sacs (Fig. 4). Frequency of pollen tube attraction
in vitro depends on quantity of the source of the
attractant, probably due to effective distance of attrac-
tion; embryo sacs with two synergid cells could attract
more pollen tubes in vitro than that with one synergid
cell (Higashiyama et al., 2001). Because Torenia has
larger ovules and synergid cells than does Lindernia
(Figs. 1 and 5), it might be possible that Torenia
synergid cells secret larger amount of attractants
than Lindernia synergid cells to attract more pollen
tubes.

We showed that, in T. fournieri, external calcium ions
could not serve as the sole synergid cell-derived
attractant (Fig. 7). Although calcium has been detected
in the synergid cell and the neighboring extracellular
matrix, as described above (Jensen, 1965; Chaubal and
Reger, 1990, 1992a, 1992b, 1993; Huang and Russell,
1992; Tirlapur et al., 1993; Tian and Russell, 1997;
Kristóf et al., 1999), Ca21 may play a primary role in
pollen tube discharge, gamete fusion, or both, but not
in species-related pollen tube attraction. In an Arabi-
dopsis mutant in which a plasma membrane Ca21

pump of the pollen tube, ACA9, is disrupted, the
pollen tube arrives at the embryo sac but cannot
discharge its contents to the receptive synergid cell
and shows overgrowth in the embryo sac (Schiøtt et al.,
2004). ACA9 appears to be involved in intercell com-
munication between the synergid cell and the pollen
tube that triggers pollen tube discharge, along with the
FERONIA and SIRENE genes that are expressed in the
synergid cell (Huck et al., 2003; Rotman et al., 2003).
The role of Ca21in gamete fusion has been suggested
in a maize in vitro fertilization system; an isolated
sperm cell can fuse autonomously with an isolated egg
cell in the presence of a high concentration (5 mM) of
calcium (Faure et al., 1994).

GABA has also been proposed to have a role in
pollen tube guidance at the ovule of Arabidopsis, as a
sporophytic guidance cue (Palanivelu et al., 2003).
GABA slightly promoted the growth of Torenia pollen
tubes in vitro at approximately 1 mM, as in Arabidop-
sis. However, we observed no change in pollen tube
guidance when the GABA concentration in the me-
dium was elevated, although our results do not ex-
clude the possibility that GABA is a sporophytic
guidance cue from the ovule. It should also be noted
that in Torenia, the embryo sac is directly exposed to
the placenta, and guidance of the funiculus does not
appear to occur.

The stigma and style tissues contribute to capacita-
tion of the pollen tube (Higashiyama et al., 1998;
Palanivelu and Preuss, 2006). Even when the stigma
and style species were changed in the Torenia genus,
the species preferentiality was not altered (Fig. 6). The
species preferentiality of the attraction signal from the
synergid cell appeared to depend on the genotype of
the pollen tube and the synergid cell (or the ovule).
Arabidopsis pollen tubes acquire competence when
passed through the stigma and style of Arabidopsis
arenosa, Olimarabidopsis pumila, Capsella rubella, and
Sysimbrium irio, suggesting that the ability of the
stigma and style tissues to promote pollen tube com-
petence is highly conserved (Palanivelu and Preuss,
2006). Torenia pollen tubes, however, failed to be
capacitated by Lindernia stigma/style tissue. The ca-
pacitation signal from stigma/style tissue might be
species preferential, and these species might be di-
verged enough where this capacitation fails, although
it should be considered that Lindernia stigma/style
tissue did not support normal growth of Torenia
pollen tubes in the medium.

Higashiyama et al.
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In most in vivo crossing combinations, the arrival of
the pollen tube at the embryo sac was delayed or failed,
although the pollen tubes appeared to enter the ovary
normally (Fig. 8). The species preferentiality of the
synergid cell attractant may be involved in this defect,
possibly functioning as a reproductive barrier. Delayed
pollen tube arrival may result in out competition
by pollen tubes of the same species. Many pre- and
postfertilization reproductive barriers exist in flower-
ing plants (Shimizu, 2002). Severe species preferential-
ity of the attractant derived from the synergid cell is
likely to be one of these strong barriers. Lindernia pollen
tubes, on the other hand, ceased growth at a particular
place in the T. fournieri stylar canal after growing
slightly longer than the length of own pistils. A mech-
anism to stop the growth of the pollen tube autono-
mously may exist based on the tube length. It is also
interesting that L. crustacea pollen tubes cannot enter
the ovary due to this mechanism, a kind of reproductive
barrier, although they have an ability to respond to the
synergid cell attractant of T. fournieri (Fig. 4).

CONCLUSION

The attraction signal from the synergid cells in
Torenia and closely related Lindernia species was
shown to be strongly species preferential. It was
shown that external calcium ions could not be the
sole attractant derived from the T. fournieri synergid
cell. The species preferentiality of the attractant signal
may also function as a reproductive barrier in the final
step of guidance. Because the attractant is likely to be
a molecule that rapidly diverged during evolution,
molecules synthesized in the synergid cell, such as pro-
teins and peptides, may be candidates for this attrac-
tant. Thus, analysis of genes specifically expressed in
the synergid cell will provide insight into the molec-
ular mechanisms of pollen tube attraction.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Plants of the five species used in the study, Torenia fournieri, Torenia baillonii,

Torenia concolor, Lindernia crustacea, and Lindernia micrantha, were grown in a

regulated chamber at 25�C with a 16-h photoperiod (approximately 150 mmol

m22 s21). Lindernia setulosa and Lindernia antipoda were grown in the same

condition and used for phylogenetic analysis. For each experiment, ovules

with placenta were excised from flowers with freshly opened stigmas using a

stereomicroscope. Except for T. fournieri, these plants were automatically self

pollinating; thus, they were emasculated before flowering by removing the

sympetalous petals from which the stamens emerged. The pistils maturated

normally and were pollinated with pollen grains from other flowers. None of

these plants exhibited self incompatibility.

Phylogenetic Analysis

Total DNAs were isolated from the seven species of Torenia and Lindernia.

rbcL was PCR amplified using RH1 (5#) and 1352R (3#) primers, as reported in

Wolfe and dePamphilis (1997). PCR products were directly sequenced using

RH1, 1352R, and a forward primer (5#-CTACGTCTGGAAGACCTGC-

GAATCC-3#) at nucleotide positions 371 to 395 on the sequence for T. fournieri

(AF026842). The rbcL sequences of other 32 species of Scrophulariaceae (Wolfe

and dePamphilis, 1998) were obtained from GenBank. Tobacco (Nicotiana

tabacum) and Nicotiana debneyi (Solanaceae) were used as the outgroup of this

study as described by Wolfe and dePamphilis (1998).

The rbcL sequences were aligned using ClustalX (Thompson et al., 1997),

and nucleotide positions 213 to 1,533 on the full coding sequence of rbcL for

tobacco were used to obtain the best alignment. Unweighted most parsimo-

nious analyses of rbcL genes were performed, including bootstrapping

(Felsenstein, 1985) based on 1,000 replications of full heuristic searches

(with the tree bisection-reconnection branch-swapping algorithm), using

PAUP 4.0b10. Distance matrix was calculated by applying the Jukes-Cantor

method (Jukes and Cantor, 1969) in PAUP 4.0b10. NJ trees (Saitou and Nei,

1987) were constructed using PAUP 4.0b10, including bootstrap analyses

(Felsenstein, 1985) based on 1,000 replications. Bayesian analyses were per-

formed using MrBayes 3.1 (Huelsenbeck and Ronquist, 2001; Ronquist and

Huelsenbeck, 2003). A general time reversible model with a proportion of

invariable sites and a g-shaped distribution of rates across sites (GTR 1 I 1 G)

model were deduced with hierarchical likelihood ratio tests using Mrmodel-

test 2.1 (program distributed by J. Nylander, Evolutionary Biology Centre,

Uppsala University). The Bayesian analysis of rbcL genes was initiated with a

random starting tree and ran two runs with four chains of Markov chain

Monte Carlo (MCMC) iterations simultaneously for 1,500,000 generations,

keeping one tree every 100 generations. The first quarter generations (5,000

trees) were discarded as burn in, and the remaining trees were used to

calculate a 50% majority rule tree and to determine the posterior probabilities

for the individual branches. The SD between two MCMC runs was below 0.01

for the MCMC iteration, indicating convergence.

Culture Conditions for in Vitro Crossing

For in vitro crosses, ovules of one or two species were excised from

placenta in modified Nitsch’s medium (Higashiyama et al., 1998) containing

13% (w/v) polyethylene glycol 4000, 1% (w/v) Suc, and 1.5% ultra-

low-gelling-temperature agarose (agarose type IX-A; Sigma; Higashiyama

and Inatsugi, 2006) and cocultivated with a hand-pollinated method described

previously for T. fournieri (Higashiyama et al., 1998). When pollen tubes of

Torenia species were used with Torenia styles, the ovules were cultivated in an

area of 6 3 6 mm2 on a coverslip in glass-bottom dish so that the tubes

covered the entire area of the ovules. In contrast, when pollen tubes of

L. crustacea or L. micrantha species were used with Lindernia styles, the ovules

were cultivated in areas of 2 3 2 mm2 and 3 3 3 mm2, respectively. When

ovules of two different species were mixed, the numbers of ovules of each

species were adjusted to approximately equal numbers and cultivated at 30�C

overnight.

Microscopy

Cultures, excised ovules, and pollen tubes on the stylar canals were

observed under an inverted microscope equipped with differential interfer-

ence contrast (DIC) and an epifluorescence system (IX71, Olympus). Pollen

tubes on the stylar canals were stained with aniline blue and observed as

described (Higashiyama et al., 1997). All photographs were taken using a

3-CCD camera (C7780, Hamamatsu Photonics) attached to the microscope.

Laser Ablation

A Nd:YAG laser (355 nm; Sigma Koki) was used for laser ablation of cells

as described (Higashiyama et al., 2001). The laser beam was focused at the

edge of the targeted synergid cells of ovules scattered in the medium. More

than 20 ovules were treated in each experiment using one dish.

Micromanipulation of Ovules

For micromanipulation of ovules, water-saturated silicone oil (KF-96-

100CS, Shin-Etsu Chemical) was layered on the medium to prevent dehydra-

tion during the subsequent micromanipulation. Ovules were thrust using a

glass needle produced by a glass needle puller (PC-10, Narishige) and moved

using a manipulator (MMN-1, MMO-202 N, MMO-220A, Narishige) attached

to the inverted microscope. About 20 ovules (each 10 ovules) were manipu-

lated in each experiment using one dish.
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Analysis of the Roles of Ca21 and GABA

For the analysis of Ca21, culture medium was prepared as described above

but without calcium and agarose. Volumes of 500 mL of the liquid medium

containing various concentrations of calcium were prepared in 1.5-ml tubes.

Three styles, just after pollination, were cut to 10-mm lengths and placed in

each tube so that only the cut end was immersed in the medium. After

cultivation for 16 h at 30�C, the lengths of the pollen tubes grown in the

medium after passing the style were measured using stereomicroscopy. The

relationship between the calcium concentration and the pollen tube length

was examined to determine the optimal concentration of Ca21 for pollen tube

growth, and this concentration was included in the medium used in the in

vitro crossing experiment to examine the effect of Ca21 on pollen tube

attraction.

For the GABA analysis, 2 mM Ca21 was added to the medium, and the

relationship between the GABA (Wako Pure Chemical Industries) concentra-

tion and the pollen tube length was examined as for calcium. The optimal

concentration of GABA for pollen tube growth was then included in the

medium for the in vitro crossing experiment to examine the effect of GABA on

pollen tube attraction.

In Vivo Crossing

Pollen grains of each species were applied to Torenia pistils and emascu-

lated pistils of the same species. At 1 d after pollination, ovules (and pollen

tubes) were excised from the ovaries and observed in 0.12 M sorbitol. When

pollen tubes were not observed in an ovary, pollen tubes on the stylar canal

were observed following aniline blue staining, as described previously

(Higashiyama et al., 1997).

The rbcL sequence data from this article can be found in the DDBJ/EMBL/

GenBank data libraries under accession numbers as follows: T. fournieri,

AB259804; T. baillonii, AB259805; T. concolor, AB259806; L. crustacea,

AB259807; L. micrantha, AB259808; L. setulosa, AB259809; and L. antipoda,

AB259810.
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