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The egg apparatus-secreted polymorphic EA1 peptide is required for micropylar pollen tube (PT) guidance in maize,
the last step of the PT journey during the double fertilization process in flowering plants. In a recent study we have shown
that maize PTs are attracted in vitro by EA1 and that their growth is arrested at high peptide concentrations. Moreover,
we have also shown that maize PTs are guided in vitro in a species-preferential manner to the micropylar opening of
transgenic Arabidopsis ovules secreting the EA1-GFP fusion protein. In support of these findings, we have improved the
ligand-receptor labeling assay and report here that the EA1 peptide interacts in vitro with the maize PT apex in a species-
specific manner. Bound peptide gets internalized in large vesicles and is degraded. This finding indicates that the pollen
tube remains sensitive to the attractant by its rapid internalization.

After successful adhesion, hydration and germination on
a receptive stigma, flowering plants (angiosperms) transport
and deliver the two non-motile sperm cells to the female
gametophyte via a highly specialized cell type, the pollen tube,
for the achievement of double fertilization. Genetic studies have
shown that the pollen tube path is controlled by various cross-
incompatible (interspecific) and self-incompatible (intraspecific)
hybridization mechanisms likely involving a larger number
of species-specific molecular players.> Among the molecules
involved, maize EAl (Egg Apparatus 1) was the first female
gametophyte expressed signaling molecule identified to be
required for pollen tube guidance during the last step of the
journey. The egg apparatus specifically expressed £A1 is encoding
a 94 amino acids hydrophobic precursor protein with a predicted
N-terminal transmembrane domain. We have previously shown
that a GFP fusion protein of EAl is secreted from the egg
apparatus and accumulates in the cell walls of micropylar nucellar
cells, and that its knockdown triggers loss of micropylar pollen
tube guidance.* EA1 belongs to a novel class of hydrophobic and
polymorphic peptides, of which until now only one additional
member, EAL1 (EAl-likel) has been functionally characterized
in maize and was shown to be involved in regulating cell fate of
female gametophyte cells.
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EAl-like peptides do not exist in eudicotyledonous plant
species. In the eudicot model plant Zorenia fournieri cysteine-
rich defensin-like proteins were identified as LUREs to attract
own pollen tubes in a species-preferential manner.® LUREs have
been identified recently also in Zorenia concolor (TcCRP1) and
in Arabidopsis species (AtLUREL and AILUREL).”® In a recent
publication we could show that EA1 acts as a species-preferential
direct attractant of maize pollen tubes in vitro. Arabidopsis ovules
secreting the peptide are capable to guide maize pollen tubes in
a species-preferential manner toward the micropylar opening of
the ovule.’

In addition to the above work we have now visualized the
interaction of EA1 peptide derived from the maize inbred
line A188 with pollen tubes of various maize inbred lines, a
maize relative and two non-grass species in vitro. Therefore
we performed several modified in vitro pollen tube binding
assays based on Midrton et al’ For each experiment we used
freshly germinated pollen of the maize inbred lines B73, A188
and HillA, of Tripsacum dactyloides, Lilium “Stargazer” and
Nicotiana benthamiana, respectively. Pollen tubes were incubated
either with synthetic predicted mature EA1 or its homologous
peptide EAL2 (EA1-like2)? that were both labeled with the green
fluorophore DyLight 488 NHS Ester. A protocol is attached as
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Figure 1. EA1 peptide interacts with the maize pollen tube apex in a
species-specific manner. In vitro pollen tube binding assays of three
maize inbred lines and the maize relative Tripsacum dactyloides (T.d.)
were performed with synthetic predicted mature EA1 peptide labeled
with the green fluorophore DyLight 488 NHS Ester. Z-projections of
confocal image stacks of 6 to 20 pm thick sections are shown in each
panel. (A, C, E, G and I) Merged bright field and fluorescence micro-
graphs. (B, D, F, H and J) UV-fluorescence images. (A-B) Labeled EA1
fluorescence is visible at the apical membrane region of a A188 pol-
len tube tip. (C-H) Pollen tubes of A188, B73, and HillA, respectively,
displaying fluorescence at their apical region in vesicle-like structures,
whereas (I-J) fluorescence is not detectable from T. d. pollen tubes.
Scale bars represent 10 pm.

supplemental material. Binding of labeled EA1 could be observed
at the pollen tube apex for all maize lines (Fig. 1A-H), but was
weaker with HilIA pollen compared with the other inbred lines
(see also Table 1). The peptide could also be detected inside
vesicles within the pollen tube apex region. These data indicate
that the peptide is recognized specifically at the pollen tube
membrane and gets immediately internalized. Binding events
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could not be observed with the related EAL2 control peptide
(Fig. S1) demonstrating a highly specific interaction of EA1 with
its receptor.

Until now only few ligand-receptor pairs for cell-to-cell
communication are described in plants and they mainly involve
receptor-like kinases (RLKs). One of the best characterized RLKs
is CLAVATALI (CLV1) which is bound by the signaling peptide
CLAVATA3 (CLV3) to control stem cell fate in the shoot apical
meristem."” Other signaling peptides include EPIDERMAL
PATTERNING FACTOR 1/2 (EPF1/2) which is regulating
stomatal patterning via interaction with the ERECTA-
family RLKs" and INFLORESCENCE DEFICIENT IN
ABSCISSION (IDA) which is signaling through the RLKs
HAESA (HAE) and HAESA-LIKE2 (HSL2) during floral
abscission and lateral root emergence.'*"? In the Brassicacea
binding of the pollen-coat protein S-Locus Cysteine-Rich/S-
Protein-11 (SCR/SP11) to the stigma-specific S-locus Receptor
Kinase (SRK) regulates sporophytic self-incompatibility, which
is a reproductive strategy for preventing self-fertilization and
allowing genetic diversity to be maintained." Although it still
has to be shown whether the EA1 peptide also acts through a
proteinaceous membrane receptor, it is conceivable that it may be
recognized either by a tip-localized transmembrane RLK protein
or an ion channel. The RLK superfamily forms a large receptor
group in plants with more than 100 RLKs expressed in pollen of
Arabidopsis.>'*® A subsequent signal transduction pathway could
lead to reorientation of the polar tip growth toward the source
of the attractant, since the direction of pollen tube growth is
controlled at its tip involving Rho GTPase signaling.!® The
receptor might also represent an ion channel, which have been
shown to be involved in pollen tube growth and guidance.” To
avoid circular tube growth, one would expect such a reorientation
signal to be transient and short for fine-tuning of the growth
direction. A ligand-receptor complex thus must be inactivated,
dissociated, degraded or internalized very shortly after signal
transduction pathway(s) are initiated. Usually disassociation
and inactivation of peptide ligands occurs in endosomes.'S2
As the fluorophore Dylight 488 is stable from pH 4 to pH 9,
its insensitivity against the acid environment inside endosomal
vesicles is consistent with the remaining strong signal inside the
pollen tube apex after removing excess of labeled peptide from
the pollen tubes (Fig. 2).

Within many plant species, several reproductive crossing
barriers have evolved to avoid fertilization by undesirable or alien
pollen tubes and sperm cells, respectively.>?' EA1 as a short-range
pollen tube attractor is a candidate for being involved in such
a control mechanism. To examine whether EAI acts species-
specific we investigated its ability to bind to pollen tubes of
other plant species than maize. Neither germinated pollen of the
eudicot model plant Nicotiana benthamiana nor of the monocot
plant lily “Stargazer” was able to recognize EA1 in the assay (Fig.
S1; Table 1). Tripsacum dactyloides was chosen as a grass model to
analyze species-specificity of EA1 interaction. Based on ribosomal
ITS sequences, Zea and Tripsacum are closely related and form a
clade that is clearly differentiated from other Poacea.”? Despite
this close relationship, EA1 as well as the control peptide EAL2
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are not capable to bind to pollen tube tips
of T. dactyloides (Fig. 11-], Fig. S1). This
result is substantiated by the finding that
pollen tubes of 7. dactyloides were not
attracted by EA1 secreted from Arabidopsis
ovules” Regarding the fact that in vivo
pollination of shortened Z. mays silks with
T. dactyloides pollen results in fertilization
and seed set,"* these pollen tubes might
need to grow through the sporophytic
tissue of the transmitting tract in order to
become competent for attraction, as it was
reported for Arabidopsis and Torenia.***
Taken together we presented a method
for visualizing the specific interaction of a
peptide ligand with its unknown receptor at
the apex of a growing pollen tube. Recently,
Okuda et al. reported an alternative
method for displaying the binding activity
of LURE2, a pollen tube attractor of
Torenia fournieri.>* After incubation with
pollen tubes LURE2 could be detected
via crosslinking and immunostaining at
the pollen tube tip region. Both methods
demonstrate the binding of a pollen tube
attractor to the pollen tube tip. The usage

Figure 2. DyLight-labeled synthetic EA1 peptide gets internalized in vesicles at the apical region
of the maize pollen tube tip. (A and D) Merged bright field and fluorescence micrographs. (B,
C, E and F) UV-fluorescence micrographs. (A and B) Side-view of a pollen tube interacting with
labeled EA1 peptide at its apical and sub-apical region. (C) Close-up of (B) displaying labeled
EAT1 in vesicle-like structures inside the pollen tube tip region. (D and E) A pollen tube tip facing
toward the observer displays labeled EAT peptide in the tube tip. (F) Close-up of (E) displaying
labeled EAT1 in vesicles inside the pollen tube tip. Single optical sections are shown in (B, C, E
and F). Scale bars represent 10 um.
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Table 1. Summary of in vitro pollen tube binding assays of three maize inbred lines, Tripsacum dactyloides, Lilium “Stargazer” and Nicotiana benthamiana,

respectively

Peptide vs. PTs + DyLight 488-labeled sEA1 + DyLight 488-labeled EAL2
Zea mays A188 ++ -
Zea mays B73 ++ -
Zea mays HillA + -

Tripsacum dactyloides

Lilium “Stargazer”

Nicotiana benthamiana

Experiments were either performed with synthetic predicted mature EA1 or EAL2 peptides both labeled with the green fluorophore DyLight 488 NHS Ester.
PT, pollen tubes; vs.,vs.; +, interaction; -, no interaction
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