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Abstract Fertilization in flowering plants requires that a pollen tube deliver two sperm
to the female gametes, which develop in ovules buried deep within floral tissues. The
tube germinates on a receptive stigma and enters the style where it grows rapidly in
a nutrient-rich extracellular matrix secreted by cells of the transmitting tract (Lord 2003).
Subsequently, it enters the ovary where it continues to grow on the surface of cells while
targeting an individual ovule. Inside the ovule, the pollen tube immediately encounters
the haploid synergid cells and continues to grow through the filiform apparatus, a spe-
cialized cell wall that forms at the basal junction of the two synergids. The journey ends
when the tip enters one of the two synergids and bursts.

How does the pollen tube navigate these diverse environments within the pistil to
reach a precise cellular target? Recently a great deal of progress has been made toward
defining the sources of signals that direct specific stages of the pollen tube journey and
toward identifying molecules that direct tube growth. However, our understanding of how
the tube changes direction of growth in response to signals presented by floral cells along
its path is still limited. For example, no pollen tube receptors have been identified for any
of the extracellular guidance cues identified thus far and consequently, it has not been
possible to assign specific signal transduction pathways linking the floral environment
to changes within the pollen tube that cause reorientation of the tip. Here we review the
recent progress toward identification of extracellular guidance cues and highlight efforts
to understand how the tube perceives and transduces these signals into changes in the
direction of its growth.

1
Introduction

The male gametophyte, or pollen grain, develops in the anther from a mi-
crospore and consists of a vegetative cell that contains two sperm cells (Twell
et al., this volume). The nucleus of the vegetative cell (or tube cell) and the two
sperm, which together make up the male germ unit, migrate near the tip of
the pollen tube as it extends toward an ovule (Twell et al., this volume). The
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Fig.1 Phases of pollen tube guidance. A The tube path is shown in an aniline blue stained
Arabidopsis pistil (left) and in a schematic (right). B Critical cells and structures of the
male and female gametophytes

female gametophyte, or embryo sac, develops within an ovule from a megas-
pore and most commonly consists of seven-cells (Yadegari and Drews 2004).
The egg and the two synergids develop at the micropylar pole, three antipo-
dal cells are located at the chalazal pole, the central cell is the largest cell and
lies between the other two groups of cells. With the exception of the central
cell, which is produced by fusion of a cell from each pole, each cell is haploid
(Yadegari and Drews 2004).

Pollen tubes only encounter sporophytic cells on their way to the ovule
and do not interact with gametophytic cells until they stop growing and burst
within one of the synergids. However, there is growing evidence that pollen
tube guidance is regulated by collaboration between sporophytic and game-
tophytic cells of the female tissue.

2
Major Models for Pollen Tube Guidance:
Floral Architecture and Chemotropism

Two major hypotheses have been proposed to explain the precise growth of
pollen tubes to ovules (Heslop-Harrison 1986, 1987). One holds that pistil
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architecture dictates the path and that the pollen tube simply follows a me-
chanical trail of least resistance to the micropyle. Support for this model
comes from anatomical studies of many species showing that the transmit-
ting tissue of the style provides a defined environment for pollen tube growth
that leads directly to the ovary. In the ovary, epidermal cells are arranged
in files that lead to ovules and pollen tubes have been observed to grow be-
tween these files of cells (Shimizu and Okada 2000). In this hypothesis, the
ECM of cells along the path would play a major role in guidance providing
adhesive molecules that would keep the pollen tube on the prescribed path
(Lord 2003), or in some cases may drive tube migration by pulling it along
its path through a matrix-driven adhesion mechanism (Sanders and Lord
1989).

The chemotropic hypothesis posits that pollen tubes are directed to their
target or along a series of intermediate targets by molecular guidance cues
that change the direction of tube elongation. In this model, a target cell
or cells produce molecules that either attract or repel pollen tubes. These
molecules could be present in a gradient that continuously focuses the di-
rection of the tube tip toward the highest concentration at its source. Such
long-standing gradients were discussed to be difficult, if not impossible to at-
tain (Lush 1999). Alternatively guidance cues may be expressed at a location
that simply re-directs the tube tip, thereby changing the path of growth; in
this case a continuous gradient may not be required and a point-source of the
guidance cue may be sufficient (Mascarenhas 1975).

There has been a long history of debate over which of these two models
best explain pollen tube guidance and at times the chemotropic model has
been vigorously challenged (Heslop-Harrison 1986; Lush 1999). It is now clear
from genetic analysis of tube guidance in Arabidopsis and in vitro guidance
experiments in Torenia fournieri, that chemotropism plays a critical role in
the final stages of tube growth and it is very likely that flowering plants use
a combination of architectural constraints, ECM-derived adhesion molecules,
and highly regulated production of chemotropic guidance cues to direct the
pollen tube to the ovule.

3
Pollen Tube Guidance Comprises Multiple Steps
and Requires Multiple Signals

A series of genetic experiments in Arabidopsis showed that tube guidance is
a multiphase process in which early stages are controlled by sporophytic cells
of the stigma, style, and transmitting tissue and the final stages are controlled
by the female gametophyte. These experiments also provide critical support
for a chemotropic component for tube guidance because some of the mutants
analyzed do not disrupt floral architecture but disrupt tube guidance. Pollen
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tube growth in Arabidopsis has been divided into the following phases (Huck
et al. 2003; Johnson and Preuss 2002; Kandasamy et al. 1994; Rotman et al.
2003): (1) Stigma penetration, (2) Growth in the style and transmitting tis-
sue, (3) Emergence from the transmitting tissue, (4) Funicular guidance, (5)
Micropylar guidance and (6) Pollen reception.

Pollen tubes growing in pistils with homozygous mutations that disrupt
ovule and FG development follow a chaotic path once they emerge from the
transmitting tract and begin to grow on the ovary surface; tubes do not grow
toward a funiculus, but grow on other surfaces including the ovary wall (Hiils-
kamp et al. 1995). However, early stages of tube growth such as penetration of
the stigma and rapid polar extension through the transmitting tissue of the
style were not affected by these mutations. These experiments showed that
tube guidance in the ovary is controlled by a mechanism distinct from that in
the stigma and style and that the ovule and/or FG control pollen tube guid-
ance in the ovary. Interestingly, the distribution of pollen tube exit points
from the transmitting tract was also altered in these mutants, suggesting that
ovule and/or the FG controls the position of tube exit from the transmitting
tract (Hiilskamp et al. 1995).

To determine whether sporophytic cells of the ovule or haploid FG cells
direct pollen tube guidance following emergence from the transmitting tract,
mutants were examined that block inception of FG development without af-
fecting ovule development (Ray et al. 1997). In these mutants, all sporophytic
diploid cells were normal, but half of ovules contained no FG. The path of
wild-type pollen tubes growing in these mutant pistils was normal except
they did not grow toward the funiculi of ovules that contained an aborted FG.
This experiment showed that a functional FG was required for pollen tubes to
target ovules.

Analysis of the maa mutants, which initiate but do not complete FG de-
velopment, showed that growth of the pollen tube from the surface of the
ovary to the micropyle can be divided into two phases (4 and 5) controlled
by distinct mechanisms (Shimizu and Okada 2000). Unlike mutants that block
initiation of FG development, maa mutants are able to attract pollen tubes to
the distal regions of the funiculus, but these tubes fail to make the final abrupt
turn required to enter the micropyle (Shimizu and Okada 2000). Therefore,
micropylar guidance is controlled by a factor produced by FGs that are mature
or near mature, while funicular guidance is controlled by a factor produced
earlier in FG development.

In addition, these experiments showed that the FG could control repulsion
of supernumerary pollen tubes. Ovules containing maa FGs attract multiple
pollen tubes that remain stuck on the funiculus, whereas wild-type ovules at-
tract a single pollen tube that grows up the funiculus and enters the micropyle.
These results suggest either that the attractive signal is immediately quenched
following tube entry into the micropyle, or that a second, repulsive signal is
produced immediately following entrance (Shimizu and Okada 2000).
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The final phase of guidance occurs when the tube stops growing and bursts.
This stage is called pollen tube perception and was defined by analysis of FG-
specific mutations called sirene and feronia (Huck et al. 2003; Rotman et al.
2003). These mutants attract pollen tubes into the micropyle, but these tubes do
not burst, instead they continue to grow within the FG forming coils. Interest-
ingly, feronia mutants attracted multiple tubes suggesting that entry of a tube
into the micropyle is not sufficient to quench the attractive signal or initiate
production of a repellant (Huck et al. 2003). These experiments clearly define
arole for the FGin directing the final phases (4-6) of tube growth. Do the sporo-
phytic cells of the ovule play any role in these phases? ino mutant ovules produce
normal FGs, but fail to form the outer integument (Baker et al. 1997). The inner
and outer integuments are layers of cells that encase the ovule; the micropyle is
formed where these layers of cells converge. Interestingly, tube growth in pis-
tils homozygous for ino is chaotic after emergence from the transmitting tract
and is reminiscent of tube growth near ovules that completely lack an FG. This
suggests that in addition to the FG, the outer integuments may be required for
the funicular guidance step. It should be noted that the ino mutation also causes
the micropyle to be oriented toward the base of the pistil rather than toward the
stigma as in wild type. However, ino also causes the micropyle to be oriented
toward the base of the pistil rather than toward the stigma as in wild type and
this dramatic change in ovarian architecture could also account for the tube
guidance defect observed in ino.

4
The Synergids are the Source of a Chemotropic Factor
Directing Micropylar Guidance

The synergids appear to be specialized secretory cells (Higashiyama and Inat-
sugi, this volume). This feature led to the hypothesis that the synergids were
a source for a chemotropic factor directing the pollen tube into the micropyle.
This was directly tested using a semi-in vitro system developed for Torenia
fournieri (Higashiyama et al. 1998; Higashiyama and Inatsugi, this volume) in
which tubes grow through an excised style and out on to the surface of a cul-
ture medium before targeting the ovules placed on the surface of the medium.
The FG of Torenia fournieri protrudes from the micropyle facilitating experi-
mental manipulation and making it possible to analyze the role of the FG in
tube guidance without intervening sporophytic cells. Laser ablation studies
showed that at least one intact synergid was required for pollen tubes to tar-
get the FG (Higashiyama et al. 2001). The synergids were found to be the only
FG cell type that is essential for attraction; ablation of the egg, central cell, or
antipodals had no effect (Higashiyama et al. 2001).

Which phase of tube guidance as defined above for Arabidopsis is be-
ing analyzed in the Torenia system? In the Torenia in vitro system, tubes
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Fig.2 Arabidopsis FG mutants define phases 3-6 of pollen tube guidance. Wild type
ovules attract a single tube that enters the micropyle and bursts within one of the two
synergids. Ovules that contain no FG do not attract pollen tubes to the micropyle and
also show defects in the patterns of tube exit from the transmitting tissue. Maa mutants
attract multiple tubes but these fail to enter the micropyle. Myb98 mutant attracts mul-
tiple tubes to the funiculus but fails to attract them to the micropyle. Feronia and sirene
attract tubes that fail to burst within the synergids

grow directly to the filiform apparatus, a specialized area of cell wall at the
basal junction of the two synergids; they do not contact sporophytic cells.
In vivo, Torenia pollen tubes grow directly from the placental surface to
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the filiform apparatus without contacting the funiculus (Higashiyama et al.
1998). Thus, Torenia appears not to have a phase analogous to funicular
guidance in Arabidopsis. It is likely that the phase of guidance being interro-
gated in the Torenia system is analogous to the micropylar guidance phase in
Arabidopsis.

Support for this idea comes from the recent analysis of the Arabidopsis
FG mutant, myb98 (Kasahara et al. 2005). All cells of myb98 FGs develop
normally except the synergids, which have a subtle and specific defect in
the ultrastructure of the filiform apparatus. MYB98 is expressed specifically
in the synergid cells and possibly functions as a transcription factor that
regulates development of the filiform apparatus. Myb98 FGs attract pollen
tubes to the funiculus, but have defects in micropylar targeting. These data
strongly suggest that the synergids are the source of the micropylar guidance
cue in Arabidopsis and that the filiform apparatus is required for produc-
tion and/or secretion of this chemotropic guidance cue (Kasahara et al. 2005).
Biochemical purification of the active factor in Torenia, further analysis of
Arabidopsis FG mutants, and analysis of genes that are specifically expressed
in the synergids are promising approaches that could lead to identification
of this molecule in the near future. Large-scale genetic analysis of the Ara-
bidopsis FG has yielded a very interesting group of 18 une mutants that have
apparently normal FG development but remain unfertilized (Pagnussat et al.
2005). Six une mutants were identified that failed to attract pollen tubes; fur-
ther analysis of the genes disrupted in these mutants, which include genes of
unknown function (UNE1, UNE4), a calcium binding protein (UNE14) and
a small LEA protein (UNEI15) will be an exciting area for future studies. Addi-
tionally, analysis of FG-specific gene expression has lead to the identification
of a candidate micropylar guidance factor in maize, EA1 (Marton et al. 2005;
Sect. 5.4).

5
Chemotropic Molecules Directing Tube Guidance

Chemotropic guidance molecules may be expected to meet the following
basic set of experimental criteria: 1) the molecule should be present in a gra-
dient with highest concentration at the target site 2) the molecule should have
chemotropic activity (attractive or repellent) in an in vitro assay, 3) manipu-
lation of the factor in vivo should have consequences for the direction of tube
growth. Recently, a series of molecules have been postulated to function as
chemotropic guidance molecules. Many of these have only been reported in
the past few years and none of them yet fulfill all of these experimental crite-
ria for a chemotropic guidance molecule. However, they all have features that
are highly suggestive of chemotropic activity.
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5.1
Chemocyanin

Lily pollen tubes gain access to the style through pores on the surface of
the stigma and it was proposed that a chemotropic factor expressed on the
stigma guides tubes that germinate on the surface of the stigma to these pores
(Kim et al. 2004). A lily stigma protein preparation was shown to reorient
tube growth in vitro. This preparation was further separated into multi-
ple fractions by reverse-phase HPLC and only one of the fractions retained
chemotropic activity. Analysis of this fraction showed that it contained one
prominent protein with homology to a family of small basic proteins called
plantacyanins and was called chemocyanin. Whether chemocyanin expres-
sion is focused around pores that lead to the hollow stylar canal has not been
addressed but in vitro experiments suggest that chemocyanin functions by
attracting tubes up a concentration gradient. Interestingly, chemocyanin ac-
tivity in vitro was enhanced by inclusion of SCA (Kim et al. 2003), the small
cysteine-rich adhesin that had already been shown to function in a complex
with pectin to mediate adhesion of pollen tubes to a growth substrate in vitro
(Mollet et al. 2000).

Plantacyanins have been found in many plants including Arabidopsis
where the homolog is 52% identical to lily chemocyanin. Remarkably, recom-
binant Arabidopsis plantacyanin can reorient lily pollen tubes in vitro (Dong
et al. 2005). A T-DNA insertion was identified in the Arabidopsis plantacyanin
gene that reduced, but did not eliminate expression of plantacyanin. These
mutants were fully fertile and any subtle defects in tube guidance were not
reported. However, plantacyanin overexpression using the strong and ubiq-
uitous caulifiower mosaic virus 35S promoter led to reduced fertility. When
pistils overexpressing plantacyanin were pollinated with wild-type pollen,
seed set was reduced by about 50% and some tubes were observed to coil
around the stigma papillae and grow away from the style rather than toward
it. However, many tubes were still able to penetrate the stigma, suggesting
other defects within the ovary account for reduced seed set. In Arabidopsis,
plantacyanin is prominently expressed along the path of the pollen tube and
is particularly high in the transmitting tissue, suggesting it may function as
a guidance molecule at a later stage of pollen tube growth. Plantacyanin is
also expressed in the FG and it will be interesting to determine if plantacyanin
plays a role at the terminal phases of tube growth as well.

Chemocyanin has chemotropic function in vitro and experiments in Ara-
bidopsis show that manipulating plantacyanins in vivo can have consequences
for tube guidance. Whether a gradient of chemocyanin forms near stig-
matic pores in lily has not yet been tested and the biochemical function of
plantacyanins in tube guidance remains to be elucidated. It will be interest-
ing to determine whether the pollen tube expresses a receptor for planta-
cyanins.
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5.2
GABA

The pop2 mutant of Arabidopsis specifically disrupts pollen tube guidance.
However, unlike the Arabidopsis mutants described above that define the
phases of tube growth, it does not affect any female reproductive structures
(Wilhelmi and Preuss 1996). Therefore, this mutation might directly affect
the tube guidance system. When pop2 pollen tubes grow in a pop2-/- pistil
many of the tubes remain within the transmitting tract and those that exit the
transmitting tract generally fail to enter the micropyle (Palanivelu et al. 2003;
Wilhelmi and Preuss 1996). Therefore, this mutation disrupts phases 2-5 of
tube guidance.

Pop2 mutant pistils accumulate ~ 100 fold more y-amino butyric acid
(GABA) than wild type because of a mutation in a transaminase that normally
metabolizes GABA (Palanivelu et al. 2003). GABA is a four carbon w-amino
acid that has been shown to function in cell-cell signaling in many organisms
and is best known as an inhibitory neurotransmitter in the human nervous
system (Pinal and Tobin 1998). Immunofluorescence studies show that GABA
is present in the Arabidopsis pistil along the tube growth path with peak con-
centration in the outer integument cells that surround the micropyle. This
led to the proposal that GABA forms a chemotropic gradient that directs the
tube to the micropyle. In pop2 mutants, the abundance of GABA was higher
throughout the pistil, and it was suggested that the GABA gradient directing
tube growth to the micropyle is disturbed. Pop2 is unique among guidance
mutants described thus far because the mutant phenotype is only observed
when the plant is self-fertilized. Wild-type pollen tubes navigate the pop2
pistil without difficulty; perhaps this is because POP2 tubes retain GABA
metabolic activity. Manipulation of GABA levels in vivo has dramatic con-
sequences for tube guidance but chemotropic activity in vitro has not been
demonstrated (Palanivelu et al. 2003). There are no obvious homologs of ani-
mal GABA receptors in the Arabidopsis genome (Palanivelu et al. 2003), so the
molecular processes that mediate GABA signaling during pollen tube guid-
ance remain unclear and novel approaches will need to be taken to identify
and characterize GABA signaling components critical for pollen tube guid-
ance in Arabidopsis.

53
TTS Proteins

Arabinogalactan proteins (AGPs) are encoded by a large gene family and dis-
play a diverse array of glycosylation patterns; importantly, they are among
the most abundant proteins in the ECM of the transmitting tissue (Cheung
et al. 1995; Wu et al. 1995). Pollen tubes incorporate AGPs into their cell walls
as they extend and a synthetic molecule that binds AGPs has been shown to



232 M.A. Johnson - E. Lord

disrupt tube growth in vitro (Mollet et al. 2002; Wu et al. 1995). These char-
acteristics all suggest an important role for AGPs in regulating tube growth in
the transmitting tissue. Transmitting tissue specific (TTS) AGPs from tobacco
were shown to be more heavily glycosylated at the ovary end of the style and
less so at the stigma end (Wu et al. 1995). When purified TTSs were placed in
pollen tube growth medium they attracted tubes that had emerged from an
excised tobacco style (Cheung et al. 1995). Attraction was mild and it is pos-
sible that tubes appear to grow toward TTS because they provide sugar and
therefore stimulate growth. Transgenic tobacco plants expressing antisense
versions of the TTS gene had reduced seed yield that resulted from reduced
tube growth through the style; defects in the direction of tube growth were
not observed. This suggests that TTS proteins are critical for tube growth in
the style, but they may not be chemotropic guidance cues per se. TTSs may
be required instead for rapid, highly polar growth in the transmitting tract
that takes tubes to the ovary. It is thus possible that in the transmitting tissue
tubes are not directed by chemotropic factors, but instead are just extend-
ing in a straight path that is defined by architectural features of the pistil and
supported by nutritional factors such as TTS glycoproteins.

5.4
EA1

Maize EA1 is expressed only by synergid cells and the egg and encodes a small
protein of 94 amino acids with a predicted transmembrane domain (Marton
et al. 2005). When EA1 was fused to GFP and expressed from its own pro-
moter in transgenic maize plants, fluorescence was observed in the synergid
cell walls of immature FGs. As ovules matured, fluorescence became more in-
tense and spread into the six layers of nucellar cells that form the micropyle in
the maize ovule. The EA1 promoter alone drove reporter gene expression only
in the egg and synergids,; thus, accumulation of EAI:GFP in the micropyle
must be the result of secretion. Interestingly, EAI:GFP fluorescence did not
appear to accumulate evenly in the cells that surround the egg and synergid.
Instead EA1:GFP accumulated preferentially toward the micropyle leading to
the suggestion that EA1 secretion and accumulation is tightly spatially regu-
lated. This expression pattern is consistent with formation of an EA1 gradient
around the micropyle.

Transgenic maize plants expressing either an EAI RNAi construct or an
EA1 antisense construct from the ubiquitin promoter had reduced seed set
following self-pollination or when transgenic plants were used as the female
in crosses with wild type (Marton et al. 2005). This effect was observed in
a subset of transgenic plants; presumably those that disrupted EA1 expres-
sion, but this was not determined. Pollen tube guidance to EAI RNAi FGs
was tested using in vitro pollination of ovules. In this assay, tubes entered
the micropyle and burst within wild-type ovules 82% of the time. However,
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this rate was reduced to 40-55% in ovules from two independent EAI RNAi
lines. Pollen tubes were observed that grew past the micropyle in cases where
ovule entry was unsuccessful. The EA1 expression pattern and the mild tube
guidance phenotype in EAI RNAI plants are consistent with a function in
the micropylar guidance phase. Therefore, EA1 meets two of the three crite-
ria described above for a chemotropic guidance factor. Future studies will be
aimed at determining whether EA1 functions directly as a chemotropic factor
in vitro (Marton et al. 2005). It will also be interesting to clarify whether the
mild impact on tube guidance is because EA1 expression was not completely
eliminated in EA1 RNAI plants, or whether this incomplete disruption of tube
guidance indicates that there are redundant signals that direct pollen tubes to
the micropyle in maize.

After fertilization, EA]1 mRNA was detected in the zygote for at least
45 hours but was not detected in 12-day-old embryos and EA1:GFP was
eliminated rapidly from fertilized ovules (Marton et al. 2005). An interest-
ing question will be to determine whether elimination of EA1 protein from
the micropyle following fertilization is sufficient to prevent subsequent tubes
from targeting the maize ovule or if a second repulsive signal is required.

5.5
Other Signals

While growing in the pistil, pollen tubes are exposed to many extracellu-
lar stimuli that could function as guidance cues. Several signals/molecules,
including nutrients, have been reported to be involved in tube guidance in-
cluding lipids, Ca®* ions and cyclic nucleotides (Hiilskamp et al. 1995; Malhd,
this volume; Zérsk}'r et al., this volume). However, it is not clear if these
molecules act as chemotropic signals.

Nitric oxide (NO) was recently suggested to reorient lily pollen tubes in
vitro (Prado et al. 2004). In contrast to Chemocyanin and TTS, which behave
as positive chemotropic factors, NO acted as a negative chemotropic factor,
causing tubes to turn away from a point source. A gradient of NO was estab-
lished by pipetting the NO donor, s-nitrosoacetylpenicillamine (SNAP), on to
the surface of pollen growth medium. As tubes grew into the gradient, their
growth rate slowed or stopped before the tip turned an average of 98° away
from the point source. Interestingly, a mutant of Arabidopsis with a defect
in NO production has reduced fertility, but tube guidance in this mutant has
not been characterized (Guo et al. 2003). Rapid production of NO following
entry of a tube into the micropyle could redirect subsequent tubes away from
an ovule that is already being fertilized. It will thus be interesting to deter-
mine the sites of NO production within the pistil and to determine the path
of pollen tubes growing within this and other NO synthesis mutants.

NO is known to regulate the production of the critical secondary mes-
senger cGMP in animals. Sildenafil citrate causes accumulation of cGMP in
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animal cells because it inhibits cGMP-degrading phosphodiesterases. Treat-
ment of lily pollen tubes with sildenafil citrate sensitized the response to
NO, suggesting that NO may also regulate cGMP production in pollen tubes.
Interestingly, another cyclic nucleotide, cAMP has also been implicated in re-
orientation of tip growth (Moutinho et al. 2001). Cyclic nucleotide synthesis
is just beginning to be understood in plants (Malhd, this volume) and under-
standing the regulation of cyclic nucleotide signaling in pollen tubes will be
an exciting area of future research.

6
The Search for Pollen Tube Receptors

How do pollen tubes recognize chemotropic guidance cues and transduce
them into intracellular responses that result in changes in the direction of
the tip? One hypothesis is that tubes express transmembrane receptors that
specifically interact with guidance cues like those described above. Interac-
tion between receptor and ligand is expected to initiate a signal transduc-
tion cascade within the tube that results in tip re-orientation and guidance
(Malhé, this volume). It has been shown that localised [Ca®* ], changes in the
pollen tube apex control tube directioning (Malhé and Trewavas 1996). These
changes may arise through asymmetric activity of putative Ca’*-channels
(Malho et al. 1995; Sze et al., this volume). Preliminary evidence suggested
the existence of low-voltage stretch-activated channels (Geitmann and Cresti
1998; Malh¢ et al. 1995) that could play a key role in the perception of guid-
ance cues because of the multiple signalling pathways to which they respond
(Ding and Pickard 1993).

Tremendous progress has been made in identifying intracellular factors
that are crucial for tip growth (Malhd, this volume). For example, ROP pro-
teins seem to act as a molecular switch that determines the site of cellular
extension (Gu et al. 2005; Hwang and Yang, this volume). ROP modulates
F-actin assembly and interferes with the dynamics of the tip-focused Ca?*
gradient, both of which are essential for tip growth and are thought to dir-
ect the flow of vesicles that ultimately results in polar tip extension (Malhd,
this volume; Hepler et al., this volume; Yokota and Shimmen, this volume).
Thus, changing the direction of tube growth may simply be a matter of
changing the position/activity of certain proteins on the pollen tube plasma
membrane. This has been demonstrated for several components like protein
kinases, calmodulin, phosphoinositides and ROPs (Malhé et al. 2000; Malho,
this volume; Hwang and Yang, this volume; Z4rsky et al., this volume). Fur-
ther characterization of these receptors for guidance cues and their modes of
signal transduction within the pollen tube represent a very exciting challenge.

Genetic analysis of pollen tube-expressed genes required for guidance is
an attractive experimental approach because it is not biased toward a pre-
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conceived notion about how the tube perceives guidance cues and a thorough
genetic analysis has the potential to identify genes that mediate multiple steps
in signal transduction pathways. A loss of function mutation in a pollen tube-
expressed guidance cue receptor putatively results in defective tube guidance
that phenocopies loss of guidance cue production. For example, a tube that
lacks the receptor for a micropylar guidance cue (perhaps EAl) would be ex-
pected to fail to enter the micropyle when grown in a wild type pistil the way
wild type pollen tubes do when they grow toward an eal- FG. Ideally, mul-
tiple mutants would be collected with defects in each of the specific phases
of tube guidance described above and by identifying the disrupted genes in
each group of mutants, hypotheses could be made about how the tube per-
ceives cues that direct each phase of guidance. However, it is conceivable that
such receptors act simultaneously as structural components of the tip growth
machinery, and thus a mutation in their genes could result in the failure for
pollen tubes to develop.

A large number of pollen tube mutants have now been characterized
through a combination of reverse and forward genetic approaches (Twell
et al.,, this volume; Guermonprez et al., this volume). Many of these affect
tube germination and early stages of growth resulting in short tubes that
fail to enter the ovary (Johnson et al. 2004; Lalanne et al. 2004; Guermon-
prez et al, this volume). These mutants have been useful for defining new
mechanisms responsible for tip growth revealing a diverse set of biochemical
processes that underlie tube extension. Several pollen mutants have also been
characterized that do not affect germination, but disrupt tube growth; often
these mutants have reduced growth rates that result in an inability to compete
with wild-type tubes for access to ovules (Goubet et al. 2003; Johnson et al.
2004; Lalanne et al. 2004; Mouline et al. 2002; Schiott et al. 2004). Again, this
group of mutants identified a diverse set of genes required for tube growth
that include ion channels (Mouline et al. 2002; Schiott et al. 2004) and cell
wall biosynthetic enzymes (Goubet et al. 2003). Despite growth defects, these
mutant pollen tubes can target the ovules and are therefore able to respond
to guidance cues along their growth path; thereby genetically separating the
growth and guidance processes.

Pollen tube guidance mutants that have wild-type germination and growth
rates, yet fail to target ovules, are rare. The hapless (hap) mutants are tagged
with a pollen-specific marker gene that facilitates analysis of mutant pollen
tube growth phenotypes within the ovary (Johnson et al. 2004). Out of 30
pollen mutants that were analyzed, 10 appeared to extend tubes that could
grow the length of the pistil, yet these mutants showed reduced ability to
target ovules. hapl, hapl8, and hap22 tubes failed to exit the transmitting
tract; hapll, hap26, and hap30 had relatively normal tube growth paths but
were less likely than wild-type to enter the micropyle; and hap2, hap4, hap24,
and hap27 showed a chaotic growth path in the ovary and were often found
growing on ovule surfaces where wild-type tubes do not grow (Johnson et al.
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2004). So far, only a few of the genes disrupted in hap mutants have been iden-
tified and none of them appear to be similar to known receptors. Future work
will be aimed at identifying more hap genes so that gene functions can be
associated with specific defects in individual guidance steps.

Interestingly, pollen tube guidance mutants have yet not been found that
completely block the ability of tubes to target ovules. This may suggest that
there are redundant signaling mechanisms responsible for each phase of tube
guidance and that no single gene mutation will completely disrupt guidance.
Support for this idea comes from analysis of eal mutants of maize and myb98
and pop2 mutants of Arabidopsis (Kasahara et al. 2005; Marton et al. 2005;
Palanivelu et al. 2003; Wilhelmi and Preuss 1996). These mutants are pro-
posed to disrupt production of chemotropic guidance cues, and all of them
disrupt guidance: however, none of them completely block tube guidance.

A directed approach to identifying receptors for guidance cues is to study
genes expressed by the tube that are homologous to known receptors. Mi-
croarray analysis of the 612-member receptor-like kinase (RLK) gene family
in Arabidopsis showed that 10% are pollen expressed and that ~ 90% of these
are pollen specific (Honys and Twell 2003). This represents just one of sev-
eral known receptor types expressed by pollen and illustrates the staggering
potential diversity of signal transduction mechanisms in this cell. Functional
characterization of members of the RLK gene family in tomato is well under-
way. LePRK1 and LePRK2 are pollen-specific RLKs that are localized to the
surface of growing tubes (Muschietti et al. 1998). They both encode active ki-
nases (Muschietti et al. 1998) and interact with each other at the pollen tube
membrane; interestingly, this interaction and the phosphorylation of LePRK2
can be disrupted by incubation with a style extract in vitro (Muschietti et al.
1998; Wengier et al. 2003). This suggests that LePRKs may be involved in per-
ception of extracellular growth regulators expressed by cells along the tube
growth path.

Proteins that interact with the extracellular domain of LePRKs and are
therefore putative ligands have been identified by yeast two hybrid screen-
ing of pollen [LAT52 (Tang et al. 2002)] and stigma cDNA libraries [LeSTIG1
and LeSHY (Tang et al. 2004)]. Loss of LAT52 function leads to pollen tube
growth defects and LeSTIG1 has been shown to stimulate tube growth in
vitro, suggesting that these two proteins may regulate growth via interactions
with LePRKs. One interesting hypothesis is that the LePRK1/2 dimer switches
ligands from LAT52 to LeSTIG1 upon contact with the stigma (Tang et al.
2004) and that this switch is critical for initiation of tube growth. One pos-
sibility to be tested is that LeSTIGI is the active component of the stigma
extract that causes LePRK1 and LePRK?2 to dissociate and LePRK2 to become
dephosphorylated.

To determine how signaling events at the pollen tube surface mediated by
LePRKs are transduced into changes in tube growth, proteins that interact
with intracellular domains of LePRKs were identified (Kaothien et al. 2005).
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KPP is pollen-specific, phosphorylated in pollen, associated with pollen tube
membranes, and its overexpression leads to defects in tip-localized actin
dynamics that result in loss of apical polarity (Kaothien et al. 2005). All
of these features implicate KPP in signal transduction events that regulate
tube growth. Interestingly, KPP interacts with the cytoplasmic domains for
LePRK1 and LePRK2 in vitro and this interaction does not require the kinase
domains of either LePRKlor LePRK2. It is not yet known whether LePRK1
and/or LePRK2 mediate phosphorylation of KPP in pollen. In addition, it
will be interesting to determine whether incubation with stigma extracts
or LeSTIGI alters the LePRK:KPP interaction or the phosphorylation status
of KPP.

Analysis of LePRKs shows that taking a candidate-gene approach to the
identification of receptors that sit atop pollen signal transduction pathways
can be very productive. LePRKs have candidate ligands expressed by the
pollen and stigma suggesting an autocrine/paracrine system for regulation of
tip growth. Given the large number of candidate receptor genes expressed by
pollen, more directed approaches will have to be taken to identify the specific
receptor molecules that perceive guidance cues.

7
Are Guidance Factors Universal or Species Specific?

Pollen tube guidance cues and signal transduction pathways are being dis-
covered in experimental model systems, and it will be extremely interesting
to determine whether these systems are universal and function in all an-
giosperms or whether they are species specific. This is an important evo-
lutionary question because diversification of tube guidance signals could
represent a potent prezygotic barrier to interspecific fertility and may there-
fore be a means to achieve reproductive isolation following speciation. It is
also an interesting question from an agricultural point of view because plant
breeders would like to be able to make wider crosses between plants from
different species but are sometimes hampered by incongruities in guidance
systems.

There is ample experimental evidence indicating that important compo-
nents of tube guidance mechanisms are species specific (Swanson et al. 2004).
For example, pollen tubes of fellow Brassica family members like Brassica sp.
and Orychophragmus violaceus fail to target Arabidopsis ovules in interspe-
cific crosses (Kandasamy et al. 1994; Shimizu and Okada 2000). Pollen tubes
germinate on the stigma and grow down the transmitting tract, but the ma-
jority of tubes failed to exit the transmitting tissue and those that did grew
in the ovary in a fashion similar to tubes growing toward ovules lacking an
FG (Ray et al. 1997; Shimizu and Okada 2000). Therefore, both the trans-
mitting tract exit point signal (phase 3) and later signals mediating funicular
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(phase 4) and micropylar guidance (phase 5) are likely to be species specific
within the Brassicacae.

The guidance cues produced by Torenia and closely related genera are
species specific in the in vitro guidance assay providing further evidence that
the micropylar guidance signal is species specific (Higashiyama et al. 2003).
While the chemical nature of the Torenia micropylar guidance cue is not yet
known, the proposal that this signal is a polypeptide would accommodate
species specificity due to rapid evolution and would also explain its limited
effective range in vitro (Higashiyama et al. 2001). Species specificity could
be achieved for a protein signal if the gene encoding the signal was sub-
jected to positive selection following speciation and the receptors expressed
by the pollen tube coevolved to more efficiently respond to the changed
molecule. Interestingly, homologs for the proposed micropylar guidance cue
from maize, the EA1 protein, were found only in rice, a fellow monocot, and
alignment of EAl proteins from maize and rice showed many amino acid
changes especially at the N-terminus (Marton et al. 2005). It is possible that
a small protein like EA1 serves as a micropylar guidance signal in all flow-
ering plants, but rapid evolution during speciation has made EA1l analogs
unrecognizable outside of grasses. Obvious EA1 homologs were not identi-
fied in the dicotyledonous Arabidopsis genome (Marton et al. 2005), however,
the Arabidopsis genome encodes many small proteins that could represent
the functional analog of EAl. Some crosses between maize and its ancestor
teosinte are interfertile suggesting that micropylar guidance signals have not
diverged since maize was domesticated (Baltazar et al. 2005); sequencing EA1
from teosinte and proximal relatives that are not interfertile will provide a test
for the hypothesis that EA1 is rapidly diverging. In addition, identification
of the synergid-derived signal that directs tube guidance in the dicot Torenia
will reveal whether this signal could be an ancestor of EAL.

In contrast, a homolog of chemocyanin, the stigma guidance factor iden-
tified in the monocot lily, was identified in the dicot Arabidopsis (Dong et al.
2005). Furthermore, it was reported that plantacyanin from Arabidopsis can
reorient lily tubes growing in vitro (Dong et al. 2005), suggesting that plan-
tacyanins might be universal guidance cues. Overexpression of plantacyanin
in Arabidopsis caused pollen tubes to coil and grow away from the style on
papillae (Dong et al. 2005). These observations suggest that plantacyanins
have a conserved function in orienting tube growth immediately after ger-
mination on the stigma. This conservation is particularly intriguing given
the dramatically different architectures and chemical compositions of lily and
Arabidopsis stigmas: In lily, tubes enter the style through pores in an exudate-
rich wet stigma (Lord 2003); in Arabidopsis, tubes penetrate a papillar cell
wall on a dry stigma (Elleman et al. 1992; Kandasamy et al. 1994).

Are small, structurally simple molecules, like GABA and NO universal
guidance factors? Both of these molecules are produced by many organisms
and are likely present in pistils of many if not all flowering plants. Despite
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their ubiquity, a species-specific response could be mediated by quantita-
tive differences in the amount of signal presented or in the sensitivity of
the tube perception and response mechanisms. For example, co-evolution
of the pollen tube and its host pistil following speciation could result in
fine-tuning of GABA gradients and response pathways that would result in
a species-specific response. Interestingly, when GABA levels are altered in
pop2 mutants, the tube growth path is very similar to that of Brassica na-
pus or Orychophragmus violaceus tubes growing in an Arabidopsis pistil: most
tubes fail to exit the transmitting tissue and those that do have defective fu-
nicular or micropylar targeting (Kandasamy et al. 1994; Palanivelu et al. 2003;
Shimizu and Okada 2000).

The final phase of pollen tube guidance is reception (Phase 6), when the
tube stops growing and bursts. In closely related, sympatric species without
pre-pollination blocks to interfertility, this may be the last line of defense
against interspecific fertilization. Characterization of the feronia and sirene
mutants of Arabidopsis indicates that the FG produces a signal that controls
this final phase and suggests that evolution of this signal could prevent tubes
from other species from successfully delivering male gametes to the FG. In-
deed, interspecific crosses in the genus Rhododendron are blocked after tubes
enter the FG of the other species, but fail to stop growing and burst (Williams
et al. 1986), much the same way wild-type tubes fail in sirene or feronia FGs
(Huck et al. 2003; Rotman et al. 2003).

8
Perspectives

It is now clear that pollen tubes respond to chemotropic factors responsible
for guidance in the pistil. Several phases of guidance have been delineated
and multiple signals that act over different spatial ranges guide the pollen
tube to the ovule. The sources of some of these signals within the pistil
have been defined and chemotropic factors have been identified in a var-
iety of angiosperm species using a combination of genetic, biochemical, and
molecular approaches. The discovery of these molecules and their character-
ization marks tremendous progress in our understanding of guidance signals
but many questions remain. Few of these molecules have satisfied all of the
experimental criteria for a chemotropic guidance factor and none of them
have been associated with pollen tube receptors or with the well-described
signaling pathways within the tube that regulate tip growth. In addition, there
are likely many more signals to discover and it will be very interesting to
determine whether the signals defined thus far function in all plant species.
The field is now poised to define signal transduction pathways that link
these extracellular guidance cues to intracellular networks that define, ex-
tend, and reorient the pollen tube tip. As these mechanisms are established
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it will be exciting to determine the extent to which they are conserved among
different plant species.
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