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Reactive oxygen species (ROS) accumulate at the tip of growing pollen tubes. In Arabidopsis, NADPH oxidases
RbohH and RbohJ are localized at the plasma membrane of pollen tube tip and produce ROS in a Ca>"-dependent
manner. The ROS produced by Rbohs and Ca®" presumably play a critical role in the positive feedback regulation that
maintains the tip growth. Ultrastructural cytochemical analysis revealed ROS accumulation in the apoplast/cell wall of
the pollen grains on the stigmatic papillae in the wild type, but not in the rbohH rbohJ double mutant, suggesting that
apoplastic ROS derived from RbohH and RbohJ are involved in pollen tube elongation into the stigmatic papillae by

affecting the cell wall metabolism.

ROS Accumulate in the Apoplast of Pollen Tube Tip
Upon Pollination

Reproduction is a central process for organisms to transfer
the genetic information to the next generation. In higher
plants, pollen grains set on the stigmatic papillae and germi-
nate into the pistil, transport the male nuclei to ovules. Pollen
tubes grow by tip growth, where the growth site is restricted
to the tip, forming the long tubular structure." Reactive oxy-
gen species (ROS) accumulate at the tip of growing pollen
tubes and 2 NADPH oxidases, respiratory burst oxidase
homolog H (RbohH) and Rboh], specifically localized in the
plasma membrane of the growing tip® are involved in this
accumulation.”® The ROS are suggested to stimulate the
plasma membrane Ca’*-permeable channel(s) and induce
Ca®" influx into the cytoplasm.” The cytosolic Ca®" rise in
turn activates the ROS-producing activity of Rboh proteins by
direct binding to the EF-hand motifs and by phosphorylation
through the Caz+—dependent protein kinases, generating a pos-
itive feedback regulation that maintains the growth site to the
tip during elongation (Fig. 1).2%® However, the subcellular
sites of ROS accumulation upon pollination remain unknown.

To examine the subcellular sites of ROS accumulation and
action upon pollination, we performed ultrastructural cytochemi-
cal analysis to detect ROS under a transmission electron micros-
copy. To visualize the ROS Arabidopsis
pollinated pistils were incubated with CeCl; that reacts with

accumulation,

ROS to produce electron-dense insoluble precipitate of cerium
perhydroxides, Ce[OH],OOH and Ce[OH];00H suitable for
ultrastructural cytochemistry.”'" Cerium deposition (CD) was
detected in the apoplast/cell wall of the wild-type around the pol-
len tube contacting with the stigmatic papilla cell (Fig. 2A).
Deposition of Ce was confirmed by the energy-dispersive X-ray
spectroscopy (EDX) analysis (emission at 4.84 keV in Fig. 2B).
In the rbohH-3 atrboh]-2 double mutant, however, CD was
impaired (Fig. 2C and D). These results suggest that ROS pro-
duced by RbohH and Rboh] accumulate in the apoplast/cell wall
of the tip of pollen tubes.

Both pollen tube tip growth and fertility are severely
impaired in the rbohH rboh] double mutants, indicating that
ROS at the apex of pollen tubes are involved in the regulation
of pollen tube tip growth.”* Apoplastic ROS are suggested to
play a role in cell wall loosening in maize coleoptiles, leaves,
and roots."*"* ROS-mediated oxidative scission of cell wall
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cell wall

Figure 1. A schematic model of a positive feedback regulation at the tip
of growing pollen tubes. Two NADPH oxidases, RbohH and RbohJ,
located at the plasma membrane of the tip,> producing ROS in the cell
wall. Plasma membrane Ca®"-permeable channel(s) may be activated by
ROS to induce Ca*" influx into the cytosol as shown in root hairs.” In
turn, the ROS-producing activities of Rbohs are synergistically activated
by direct binding of Ca®" to their cytosolic EF-hand motifs and their
phosphorylation by Ca®*-dependent protein kinases® as also shown for
other Rboh proteins.>® Phosphorylation of RbohH and/or RbohJ may
also be mediated by ANXUR receptor-like kinases.
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Therefore, the apoplastic ROS accumulation in the cell wall

upon pollination may help pollen tubes germinating into the

stigmatic papillae cells as well as pollen tube elongation. Dur-
ing the tip growth, localization of RbohH and Rboh] appear
to be restricted to the tip of growing pollen tubes as shown for
RbohC in the root hairs,® and they
may help construction of newly
formed cell walls to be flexible at the
tip. Alternatively, ROS may cross-link
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formation to reorganize the cell wall
for reorganization. Physiological sig-
nificance of the localized ROS pro-
duction in the cell wall of the growing
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5P future research.

Sp

Materials and Methods

The wild type Columbia (Col) and
the T-DNA insertion mutants of
rbohH-3 (SALK_136917) and rboh]-2
i £ o (SAIL_31_D07) were used for this
\ & study. Detection of ROS accumula-
tion sites was performed as previously
described:”'" Stigmas at 30 min after
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1 10 15 20 grains or mutant pollen grains were
\ . L washed twice in the 3-(N-morpho-
' W lino) propanesulphonic acid (MOPS)
buffer and incubated in freshly pre-
pared 5 mm CeCl; in the Mops
buffer at pH 7.2 for 1 h. After brief
washing in Mops, the stigmas were
fixed for 1 h in 2.5% glutaraldehyde
(V/V) in 50 mM sodium cacodylate
(CAB) buffer, pH 7.2. After fixation,

samples were washed in CAB and
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Figure 2. Localization of cerium deposition in the stigmas at 30 min after pollination. (A) A part of a
cross section of the stigmatic papilla cell pollinated with wild-type pollen grain. The cerium deposition
existed in the cell wall around a pollen tube contacting with stigmatic papilla. (B) The X-ray spectrum
of the squares in (A). Ce emissions (4.84 keV) were detected in the high contrast areas. (C) A part of a
cross section of the stigmatic papilla cell pollinated with the rbohH-3 atrbohJ-2 pollen grain. The
cerium deposition was impaired in the cell wall around the pollen tube. (D) The X-ray spectrum of the
squares in (C). Os emission (8.91 keV) was detected both in (C) and (D). CD: cerium deposition, W: cell
wall, Mt: mitochondria, V: vacuole, Pt: pollen tube, Sp: stigmatic papilla cell, Ce: cerium, Os: osmium,
Scale bar = 500 nm

post-fixed for 1 h in 1% (v/v) osmium
tetroxide in CAB. Samples were then
washed  with  water,  dehydrated
through a graded ethanol series (50—
100%) and embedded in Spurr’s resin
as previously described.’® Ultra-thin
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sections, cut with an ultramicrotome (Ultracut UTF, Leica,
Germany), were observed with or without Pb staining by a
transmission electron microscope (EDS2000, Hitachi, Tokyo,
Japan). Cytochemical control specimens were processed in
incubation medium without cerium and resulted in no similar
deposition. Energy-dispersive X-ray spectroscopy (EDX) analy-
sis was performed using NORAN EDX (Thermo Scientific,
USA) ficted with EDS2000. The accelerating voltage was
200 kV and data collection was 30 live seconds. The electron
micrographs shown are typical of the 50 micrographs obtained
for each stigma.
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