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SUMMARY

Successful reproduction of flowering plants requires constant communication between female tissues and
growing pollen tubes. Female cells secrete molecules and peptides as nutrients or guidance cues for fast
and directional tube growth, which is executed by dynamic changes of intracellular activities within pollen
tubes. Compared with the extensive interest in female cues and intracellular activities of pollen tubes, how
female cues are sensed and interpreted intracellularly in pollen is poorly understood. We show here that
COBL10, a glycosylphosphatidylinositol (GPl)-anchored protein, is one component of this pollen tube inter-
nal machinery. Mutations in COBL10 caused gametophytic male sterility due to reduced pollen tube growth
and compromised directional sensing in the female transmitting tract. Deposition of the apical pectin cap
and cellulose microfibrils was disrupted in cobl10 pollen tubes. Pollen tube localization of COBL10 at the
apical plasma membrane is critical for its function and relies on proper GPI processing and its C-terminal
hydrophobic residues. GPl-anchored proteins are widespread cell sensors in mammals, especially during
egg-sperm communication. Our results that COBL10 is critical for directional growth of pollen tubes suggest
that they play critical roles in cell-cell communications in plants.

Keywords: glycosylphosphatidylinositol-anchored protein, polar growth, asymmetric localization, wall orga-

nization, cell-cell communication.

INTRODUCTION

Double fertilization of flowering plants has been a fascinat-
ing research area for over a century. It is a process in
which two immotile sperm cells carried within a pollen
tube fertilize two female gametes, the egg and the central
cell, to form the embryo and endosperm respectively
(McCormick, 1993). After pollen lands on compatible stig-
matic cells and germinates, pollen tubes grow deep inside
pistils, penetrating different parts of the female tissues to
arrive precisely at the micropyle of the ovule and deliver
sperm (Cheung et al., 2010). Unlike most plant cells, a pol-
len tube grows in a polar, rather than in a diffuse way,
forming a cylindrically shaped cell. Pollen tubes can grow
in vitro when supplied with simple chemical ingredients
but are able to achieve faster growth in the presence of
female nutrients (Cheung et al., 1995; Wu et al., 2000; Tang
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et al., 2004). In addition, female tissues release molecules
or proteins to guide the directional growth of pollen tubes
(Higashiyama et al., 2001; Palanivelu et al., 2003; Marton
et al., 2005; Palanivelu and Preuss, 2006; Chen et al., 2007;
Okuda et al., 2009; Chae and Lord, 2011).

Polar growth is made possible through the dynamic
maintenance of spatial asymmetry within pollen tubes.
Elongating pollen tubes are structurally asymmetric. First,
pollen tubes are composed of different intracellular zones
defined by the presence of different organelles and distinct
actin cytoskeletal structures (Cheung and Wu, 2007). Sec-
ond, the cell wall of pollen tubes is organized differentially.
That is, the pollen tube wall has a spatially distinct organi-
zation such that the apical wall consists mostly of a methy-
lated pectic layer allowing cell expansion, while the shank

© 2013 The Authors
The Plant Journal © 2013 Blackwell Publishing Ltd



wall is mostly made from demethylated pectin, whose
rigidity maintains tube morphology and represses lateral
growth (Geitmann, 2010). Third, the plasma membrane of
pollen tubes is asymmetrical, such that signaling proteins
or molecules are distributed in a spatially restricted man-
ner (Benedikt, 2008), and in a way that resembles meta-
zoan chemotactic cells in which signaling molecules such
as Rac GTPases and phosphoinositides are distributed dif-
ferentially either at the cell front or back for attractant sens-
ing and directional movement (Kolsch et al., 2008).

To reach their precise targets, pollen tubes communicate
with female cells along their path and adjust their growth
axis in response to female cues (Johnson and Preuss, 2002;
Cheung et al., 2010). However, compared with extensive
studies on the identity of female cues as well as dynamic
changes of intracellular activities within pollen tubes, little
progress has been made in the identification of sensors in
pollen tubes that perceive female cues and interpret them
into dynamic changes of growth asymmetry.

Glycosylphosphatidylinositol (GPIl)-anchored proteins
(GPI-APs) are potential cell sensors in eukaryotes. GPI-APs
generally consist of an N-terminal signal peptide (SP) for
secretion, a hydrophilic middle region and a hydrophobic
C-terminal SP for GPI processing and membrane anchoring
(Chatterjee and Mayor, 2001; lkezawa, 2002). GPI-APs are
synthesized in the lumen of the endoplasmic reticulum (ER)
via the sequential addition of monosaccharides, fatty acids,
phosphoethanolamines and phosphatidylinositol (Pl) (lkez-
awa, 2002; Lalanne et al., 2004). Processed proteins are
secreted from the ER and finally are anchored at the outer
leaflet of the plasma membrane (PM). Some GPI-APs are
further processed through proteolysis and released in the
extracellular space (lkezawa, 2002). Because the cell surface
is the first region through which cells sense and respond to
the environment, GPI-APs are likely candidates to perform
such functions.

That GPI-APs play roles in pollen tube growth was sug-
gested by genetic studies of GPI-AP-processing enzymes in
Arabidopsis. The first processing step of GPI-APs at the ER
was catalyzed by a GPI-N-acetylglucosaminyltransferase
(GPI-GnT) complex that consists of at least six subunits in
Arabidopsis, two of which regulate pollen tube growth.
Mutations at SETH1 and SETHZ2, encoding the PIG-C and
the PIG-A subunit of the GPI-GnT complex respectively,
caused defects in pollen germination and tube growth,
leading to male gametophytic lethality (Lalanne et al.,
2004). Arabidopsis PEANUTT (PNT1), encoding a manno-
syltransferase (PIG-M) for GPI-AP-processing, was also
involved in pollen tube growth in that its mutations sub-
stantially reduced male gametophytic transmission (Gill-
mor et al., 2005). Over 200 GPI-APs are encoded in the
Arabidopsis genome (Borner et al.,, 2003; Elortza et al.,
2003), dozens of which show pollen-specific or pollen-
enriched expression patterns (Lalanne et al., 2004). There-
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fore, it was not known which GPI-APs contributed to the
growth defects in SETH1, SETH2 and PNT1 loss-of-function
mutants (Lalanne et al., 2004; Gillmor et al., 2005).

We show here that Arabidopsis COBL10 controls female-
guided fast and directional growth of pollen tubes proba-
bly by regulating the deposition of the apical pectin cap
and cellulose microfibrils. COBL10 belongs to the plant-
specific COBRA family that encodes GPI-APs (Roudier
et al., 2002; Brady et al., 2007). Members of the COBRA
family mediate diverse cellular and developmental pro-
cesses such as root growth (Schindelman et al., 2001;
Brown et al., 2005; Roudier et al., 2005), pathogen resis-
tance (Ko et al., 2006), stem strength (Li et al., 2003; Sin-
dhu et al., 2007) and root-hair growth (Jones et al., 2006;
Hochholdinger et al., 2008). Localization of COBL10 at the
pollen tube plasma membrane was restricted to the most
apical region and is dependent on its C-terminal hydropho-
bic residues as well as on an intact PIG complex. Our
results show that COBL10 is an essential component of the
internal machinery in pollen tubes that senses and inter-
prets female signals.

RESULTS

COBL10 loss of function caused gametophytic male
sterility

Three T-DNA insertion lines within the COBL10 genomic
region were available from Arabidopsis stock centers
(Figure 1a). cobl10-1 (CS876299) and cobl10-2 (CS879411);
both have insertions at the very end of the COBL10 coding
sequence. Transcript analysis (Figure 1b) and DNA
sequencing indicated that although expression levels of
COBL10 in homozygous cobl10-1 and cobl10-2 mutants
were equal to the expression level in wild type, the mutant
transcripts potentially encode a COBL10 whose last nine
amino acids were replaced by an asparagine (Asn) residue
due to the T-DNA insertion (Figure 1c). cobl10-3
(CS875361) has a T-DNA inserted at the 3' untranslated
(UTR) region; this mutant showed no transcriptional
changes (Figure 1a,b) and was not analyzed further.
Homozygous plants of cob/70 mutants were obtained at
very low frequency from self-pollinated heterozygous
plants (Table 1). No defects during vegetative growth were
detected for homozygous cob/70 mutants, as expected
given its restricted expression pattern (Brady et al., 2007).
However, siliques of plants homozygous for either mutant
allele were much shorter (Figure 1d-h), and contained on
average four or five developing seeds in each silique (Fig-
ure 11). Interestingly, these seeds were twice the size of the
seeds from wild-type plants, mostly due to enlarged
embryonic cells (Figure S1). Most ovules in siliques of
homozygous cobl/10 mutants were tiny, and still contained
the egg cell and central cell at 48 h after pollination (HAP)
(Figure 1k), a time at which embryo developmental
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Figure 1. COBL10 loss-of-function alleles exhibit male gametophytic sterility.

(a) Schematic illustration of COBL10 and its insertion mutants, and location of primers used in (b).

(b) Transcript analysis for COBL10 in wild type, cobl10-1, cobl10-2, and cobl10-3.

(c) Domain organization of COBL10, highlighted with the C-terminal sequence in wild type (COBL10) or in mutants (COBL10*). SP, N-terminal signal peptide;
GPI-AP, C-terminal signal peptide for GPl-anchor.

(d) Wild-type plant.

(e) cobl10-1 plant.

(f) Representative mature siliques of wild type.

(g) Representative mature siliques of cob/10-1.

(h) Representative open silique of wild type.

(i) Representative open silique of cob/10-1.

(j) Wild-type ovule at 48 HAP. Developing embryo is colored pink.

(k) Tiny cobl10-1 ovule at 48 HAP. The central cell nucleus (arrowhead) is colored pink while the egg cell nucleus (arrow) is colored yellow.

() Percentage of unfertilized ovules in siliques of wild type and cobl10-1. Data were collected from three independent experiments, each of which used five
sequential siliques from 10 independent plants. Asterisk indicates significant difference (Student’s t-test, P < 0.01). Scale bars for (j) and (k), 50 pm.

Table 1 Loss of function of COBL10 resulted in defective male transmission

Parent F1 segregation

Female X Male Genotype Expected Observed ratio
cobl10-1+/— x cobl10-1+/— COBL10+/+: +/—: —/— 1:2:1 100:126:7%
cobl10-1+/— x WT COBL10+/+: +/~ 1:1 121:108°

WT x cobl10-1+/ COBL10+/+: +/- 1:1 130:3°
cobl10-2+/— x cobl10-2+/— COBL10++: +/—: —/— 1:2:1 76:92:4°
cobl10-2/- x WT COBL10+/+: +/— 1:1 84:79°

WT x cobl10-2+/— COBL10+/+: +/— 1:1 93:2¢

aSignificantly different from the segregation ratio 1:2:1 (Student'’s t-test, P < 0.01).
PNot significantly different from the Mendelian segregation ratio (Student’s t-test, P > 0.05).
“Significantly different from the segregation ratio 1:1 (Student’s t-test, P < 0.01).

processes had already started in wild type (Figure 1j) and
suggesting failed fertilization rather than defective embryo
development.

To find out which gametophyte was defective, we per-
formed reciprocal crosses between cobl10 heterozygous
mutants and wild type. The segregation ratios of progenies
from these reciprocal crosses showed that mutant male
gametophytes transmitted poorly while mutant female

gametophytes were normal (Table 1), even though COBL10
was also expressed in ovules (Brady et al., 2007).

COBL10 is not essential for pollen development,
hydration, or germination

There are different stages at which the male gametophyte
could be defective, i.e. pollen development, germination,
polar and directional tube growth, and sperm delivery
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(Johnson and Preuss, 2002). We therefore analyzed male
gametophytes of cobl10 at different stages to determine
the reason for poor transmission (Methods S1). Pollen via-
bility staining with 4',6-diamidino-2-phenylindole (DAPI)
and Alexander's stain (Johnson-Brousseau and McCor-
mick, 2004) showed no differences between wild type (Fig-
ure S2a) and cobl10 (Figure S2(b)). Scanning electron
micrographs (SEM) showed that the pollen coat of cobl/10
mutants (Figure S2(d)) was like that of wild type (Figure S2
(c)). These results indicated that cobl/10 pollen developed
normally.

Next, we tested whether pollen hydration and germina-
tion was affected in cobl10 by analyzing pollen germination
in vitro or on stigma. We introduced quartet? (qrf) and
Pro; a15:GUS into cobl10 to make scoring of germination
more accurate. The grt7 mutant contains pollen tetrads
instead of separate pollen grains and Pro,4752:GUS allows
histochemical staining of pollen tubes growing both in vitro
and in vivo (Johnson-Brousseau and McCormick, 2004).
Homozygous cobl10;qrt;Pro;a7522GUS pollen showed no
differences in germination percentage and growth speed,
compared with grt;Pro, 4752:GUS as wild type (Figure S3a,
d). Germination and hydration on the stigma was not also
affected (Figure S2(f)). These results indicated that COBL10
is not essential for pollen development, hydration, or ger-
mination.

Pollen tube growth in the transmitting tract is defective in
cobl10

The distorted segregation ratios (Table 1) and near sterility
of mutants (Figure 1) indicated that male transmission was
disrupted in cobl10. Therefore, the lack of detectable
defects for cobl/10 pollen at developmental stages as well
as during germination implied defects late in male gameto-
phyte function, i.e. pollen tube growth. We therefore exam-
ined whether pollen tube growth was affected in cobl10.
Surprisingly, no defects in germination, morphology and
growth speed were detected for cob/10 pollen tubes grow-
ing in vitro (Figure S3).

We next examined pollen tube growth in pistils by histo-
chemical analysis of emasculated wild-type pistils hand-
pollinated with either cobl10;qrt;Pro; a152:GUS or Pro; a7ss:
GUS pollen (WT). At 9 hours after pollination (HAP), WT
pollen tubes reached the bottom of the pistil and most
ovules were targeted by a pollen tube (Figure 2a). In com-
parison, cobl10 pollen tubes were slower (Figure 2b). We
performed an additional time course analysis of pollen
tube growth in vivo by analyzing pistils at progressive time
points to determine in which female tissue(s) the growth
of cobl10 pollen tubes slowed down. Pistils pollinated by
cobl10 pollen at 0.5 HAP and 1.5 HAP showed a growth
front of most of the tubes at the stigma and style, respec-
tively (Figure 2b), similar to wild type (Figure 2a). How-
ever, cobl10 pollen tubes grew slower than those of wild
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1.5HAP | 2

Figure 2. Pollen tube growth of cobl10is reduced in the transmitting tract.
(a) Representative histochemical staining of Proj475,:GUS pollen on emas-
culated wild-type pistils at 0.5, 1.5, 2.5, 4.5, 6, or 9 HAP.

(b) Representative histochemical staining of cobl/10;qrt;Pro a1522GUS on
emasculated wild-type pistils at 0.5, 1.5, 2.5, 4.5, 6, or 9 HAP. Images shown
are representative of three independent experiments. Seven or eight pistils
were analyzed at each time point in each experiment. Except for pistils at
2.5 h whose scale bars represent 200 um, scale bars represent 500 pum.

type at time points from 2.5 HAP onwards, when the
growth front of most WT tubes were in the transmitting
tract, the so-called ‘pollen tube superhighway’ (Johnson
and Preuss, 2002; Figure 2b).

Pollen tubes of cobl10 are hyposensitive to ovule guidance
cues

In addition to reduced tube growth, pollen tubes of cob/10
were less likely to turn toward the micropyle (Figure 3a-d).
Indeed, only a few ovules were targeted by cob/70 pollen
tubes, even though the pollen tubes did reach the bottom
of pistils at 48 HAP (Figure 3a-d), and suggesting a com-
promised ability to respond to ovular guidance signals.

To provide further evidence, we used a semi-in vivo
pollen tube guidance assay (Palanivelu and Preuss, 2006),
which assesses the ability of pollen tubes to sense ovular
signals after emerging from the stigma and style, and thus

The Plant Journal © 2013 Blackwell Publishing Ltd, The Plant Journal, (2013), 74, 486-497
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(i) Targeted/Total (%), SD(%)

WTcus Pollen
121/182 (66%, 19.8%)

cobl10-1cus Pollen
25/169 (15%, 13.3%)

Figure 3. Compromised directional growth of cob/70 pollen tubes. Aniline
blue staining of wild-type pollen (a) or cobl/10 pollen (b) on emasculated
wild-type pistils at 48 HAP. Asterisks indicate fertilized ovules by cob/10 pol-
len. Close-up images of pistils targeted by wild-type pollen (c) or by cob/10
pollen (d) show compromised tube turning in cob/70 despite the available
pollen tubes in the transmitting tract. Semi-in vivo pollination assays (e-h).
Because untargeted ovules can float away while targeted ovules are con-
nected by penetrating tubes after gentle washing, each experiment was
photographed before (e,g) and after gentle washing (f,h) for wild type (e,f)
and cobl/10 mutants (g,h). (i) Targeting efficiency, i.e. number of targeted
ovules to total ovules of wild type or cobl10 pollen. Arrows indicate micro-
pyle not targeted by a pollen tube while the arrowheads point at micropyle
targeted by a pollen tube. Images shown in (a,b) are representative of 20-30
pistils analyzed. Results of the semi-in vivo assay are from 18 independent
experiments. Around 10 ovules from unfertilized pistils were placed in front
of cut ends of styles pollinated with either wild type (e,f) or cob/10 pollen
(g,h) in each experiment. SD, standard deviation. Scale bars for (c) and (d),
200 pm, for (e) to (h), 100 um.

is not influenced by female components in the transmitting
tract. Our previous results showed that COBL10 was
required for pollen tube in vivo growth primarily in the
transmitting tract. Therefore, the semi-in vivo system
would exclude the possibility that reduced growth of
cobl10 pollen tubes indirectly affected its tube turning and

would reflect the ability of cobl/70 pollen tubes to sense
guidance cues from the ovule. Both wild type (WTgys) (Fig-
ure 3e) and cobl10gys (Figure 3f) pollen tubes grew out
from cut stylar ends on germination medium. However,
pollen tubes of WTgys grew toward all ovules located in
front of the styles in a circle (Figure 3e,g), while pollen
tubes that targeted cobl10gys were compromised (Fig-
ure 3f,h). Over 60% of the ovules were targeted by a wild-
type pollen tube, whereas <20% were targeted by a cobl/10
tube (Figure 3i), a finding that indicated severely compro-
mised signal sensing of cob/10 pollen tubes.

cobl10 pollen tubes growing in vivo had abnormal cell
wall organization

Because mutations at other COBs were reported to affect
dynamic cell wall organization (Roudier et al., 2002; Li
et al., 2003; Brown et al., 2005; Sindhu et al., 2007; Hoch-
holdinger et al., 2008), we wondered if cobl70 mutants
would be similar. We first examined the cell wall in pollen
tubes growing in vitro using histochemical stains. Aniline
blue stains callose, calcofluor white stains both cellulose
and callose, and ruthenium red stains pectin (Lalanne
et al., 2004; Wang et al., 2011). In growing pollen tubes,
calcofluor white stained uniformly along the pollen tube
wall, with a slightly higher intensity along the shank than
at the apical region, both in wild type (Figure S4a) and
cobl10 (Figure S4(b)). Both wild-type and cobl10 tubes
showed an apical pectin cap as well as a weak pectin sig-
nal along the tube shank (Figure S4(c,d)). Aniline blue
stained the apical region, tube shank and callose plugs
comparably in wild type and cobl10 (Figure S4e,f). That no
staining differences for all three carbohydrate groups was
detectable between wild type and cob/10 pollen tubes
growing in vitro (Figure S3) correlated with the normal
growth of cobl10 pollen tubes in vitro.

Because cobl/10 pollen tubes grew more slowly than
those of wild type only in the transmitting tract (Figure 2),
its potential effects on wall organization would be seen
only when growing in vivo. We first analyzed the distribu-
tion of pectins in pollen tubes growing out of the styles in
the semi-in vivo experiments in which we did observe a
slight reduction in tube growth in cob/10. As shown in Fig-
ure 5, we could clearly see the difference by JIM7 labeling
between wild type and mutants. Instead of concentrating
at the apical region in wild type (Figure 5a), in cobl10 JIM7
labeling was evenly spread to the whole tube wall (Figure
5b). JIM5 that labels de-esterified pectins (Chebli et al.,
2012) did not show any marked difference between wild
type and cobl/10, such that JIM5 labeling was strongest
along the shank wall but weakest at the apical wall in both
genetic backgrounds. Considering that pollen tubes from
both genotypes had been given the same treatments and
captured using the same gain value in confocal imaging,
the only difference between wild type and cob/70 by JIM5
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labeling is that the signal intensity was stronger in cobl/10
tubes (Figure 5d) than in the wild-type tubes (Figure 5c).
We therefore used transmission electron micrograph
(TEM) to determine whether cobl/10 pollen tubes had a
defective wall structure in vivo, using wild-type pistils polli-
nated with either wild-type or cob/10 pollen for 4 h. Wild-
type tubes growing in pistils had a very distinct spatial wall
structure such that a thick layer of a porous cap was at the
apical dome and dense fibrous cellulose was at the shank
wall (Figure 4a—c). In contrast, in cob/10 pollen no apparent
apical cap was detected (Figure 4d,e), and the shank walls

Figure 4. cobl10 pollen tubes growing in vivo lack a pectin cap and have
reduced cellulose microfibrils. (a) The tip of a wild-type pollen tube.

(b) Close-up at the apical region of the pollen tube in (a), showing a pectin
cap.

(c) Shank wall of wild-type pollen tube showing the deposition of cellulose
microfibrils.

(d) A cobl10 pollen tube.

(e) Close-up at the apical region of the pollen tube in (d), showing absence
of a pectin cap.

(f) Shank wall of cobl10 pollen tube. Note the absence of cellulose microfi-
brils. Images shown are representatives of transmission electron micro-
graphs (TEMs) performed from six fixed pistils prepared from three
independent experiments. More than five individual pollen tubes were cap-
tured by TEM in each fixed sample. Scale bars for (a,d), 500 nm; for (b,e),
200 nm; for (c,f), 100 nm.

© 2013 The Authors
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contained no detectable fibrous cellulose (Figure 4f), such
that spatial information regarding cell wall organization
was lost. Considering the pollen tube growth defects of
cobl10, that cobl10 pollen tubes had defective cell wall
organization in vivo but not in vitro suggested that COBL10
functions only in the presence of female nutrients and reg-
ulatory cues.

Asymmetric localization of cobl/10 at the plasma
membrane

GPl-anchors often serve as a signal for polar protein sort-
ing in metazoan cells such as neutrophils and epithelial
cells (Chatterjee and Mayor, 2001), to which pollen tubes
show a certain mechanistic resemblance. Therefore, we
wondered about the subcellular localization of COBL10.
Because GPI-APs contain both N- and C-terminal signal
peptides and because protein fusions at either end would
interfere with their processing and targeting, we generated
Procogi 10:SP-citrine-COBL10 in which the coding sequence
of a pH-insensitive yellow fluorescent protein (YFP) variant
(citrine) (Tian et al., 2004) was inserted in-frame behind the
N-terminal SP coding sequence of the COBL10 genomic
sequence. Introduction of this construct into cobl/10 res-
cued the fertility defect fully, as shown by COBL10-citrine
expression (Figure 6a) and fully elongated siliques

Figure 5. Immunofluorescence labeling of pectins in semi-in vivo pollen
tubes. Fluorescence micrographs of median optical sections of wild-type
tubes (a,c) or cobl10 tubes (b,d). Immunofluorescence label was performed
using antibody JIM7 for highly esterified pectins (a,b) or JIM5 for de-esteri-
fied pectins (c,d). (c) and (d) show images taken at the same gain value for
comparison purposes. Representative tubes of three replicate experiments
involving 20-30 pollen tubes are shown for each treatment. Scale bars,
7.5 pm.

The Plant Journal © 2013 Blackwell Publishing Ltd, The Plant Journal, (2013), 74, 486-497
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(Figure 6e), suggesting that the citrine fusion did not affect
the function of COBL10.

Using in vitro pollen germination, we detected the
citrine signal at a restricted region of the apical plasma
membrane as well as in motile punctate vesicles (Fig-
ure 6a). Although fairly weak, the apical plasma membrane
localization of COBL10 was dynamically maintained during
tube growth (Movie S1). To determine the identity of the
punctate vesicles containing COBL10, we used pharmaco-
logical treatment on transgenic pollen tubes. Brefeldin A
(BFA) inhibits trafficking of vesicles secreted from the
trans-Golgi network (TGN)/early endosome (EE), while
wortmannin (WM) inhibits the production of PI3P and
therefore aggregates certain populations of endosomes in
pollen tubes (Zhang et al., 2010). BFA did not cause aggre-
gation of the punctate vesicles of COBL10 but abolished its
apical PM localization (Figure 6b), suggesting that COBL10
at the apical plasma membrane was delivered by an
ArfGEF-dependent post-Golgi trafficking route (Jirgens,
2004). The COBL10 signal was detected at the ‘BFA
compartment’ together with the lipophilic dye FM4-64
(Figure 6b). WM treatment caused aggregation of most
vesicles as well as loss of the apical PM signal (Figure 6c),
suggesting that the COBL10-resident vesicles had an endo-
some identity.

Localization of COBL10 at the apical plasma membrane
depended on its C-terminal hydrophobic residues and an
intact PIG complex

Studies of animal GPI-APs indicated that the C-terminal
hydrophobic residues were critical for their correct pro-
cessing or stability (Berger et al., 1988; McDowell et al.,
1998). That cobl10 potentially expressed a truncated
COBL10 with the last nine amino acids missing, but still
showed a mutant phenotype that was fully rescued by
COBL10, suggested that the C-terminal hydrophobic resi-
dues were important. To determine whether the C-terminal
hydrophobic residues were critical for the subcellular local-
ization of COBL10, we generated Procog;10:SP-citrine-
COBL10ACY9, which expressed a COBL10 version whose
last nine amino acids were replaced with an Asn, mimick-
ing the protein potentially expressed in cobl/10 mutants
(Figure 1). Indeed, transgenic Arabidopsis pollen tubes that
expressed SP-citrine-COBL10AC9 lost the apical plasma
membrane signal (Figure 6d). Although punctate vesicles
still were visible, a substantial signal was detected at
filamentous structures (Figure 6d) similar to that of the ER
(Cheung and Wu, 2007). To confirm the ER localization,
we introduced calnexin-RFP, the ER marker (Gao et al.,
2012), into pollen tubes expressing COBL10AC9. Indeed,
most of COBL10AC9 was colocalized with calnexin, indicat-
ing its ER localization (Figure S5). Procogy10:SP-Citrine-
COBL10AC9 could not rescue the sterility of cobl10
(Figure 6e,f).

Although COBL10 was predicted to be a GPI-AP (Roudier
et al., 2002; Brady et al., 2007), it was not experimentally
tested. We reasoned that if COBL10 were indeed a GPI-AP,
it would show different subcellular localization when the
Arabidopsis PIG complex was not functional. To find out
whether this was the case, we characterized mutant alleles
of SETHT and SETHZ2 (Lalanne et al., 2004). The heterozy-
gous seth2 mutant showed pollen growth defects such that
germination percentage was reduced and mutant pollen
tubes ceased growth early as had been reported previously
(Lalanne et al., 2004). While a new mutant allele of seth7,
seth1-4 (Methods S1) showed similar pollen growth
defects (Figure S5) as reported for the other SETH1 alleles
(Lalanne et al., 2004). Procop10-SP-citrine-COBL10 was
then introduced into seth7-4 or seth2 heterozygous
mutants and the citrine signal was analyzed in transgenic
pollen tubes. In most pollen tubes that showed the seth1-4
or seth2 phenotype (Lalanne et al., 2004), the citrine signal
was detected at the filamentous ER structure as well as at
punctate vesicles, but not at the apical plasma membrane
(Figure S5), similar to the results shown by COBL10AC9
(Figure 6d). This result indicated that processing of
COBL10 by the PIG complex was critical for its subcellular
localization.

Pollen-specific COBL11 confers partial redundancy to
CcoBL10

That cobl10 plants were still able to set a few seeds in each
silique suggested functional redundancy. Indeed, COBL11,
another member of the COBL family in Arabidopsis, is sim-
ilar to COBL10 and also expressed specifically in pollen
(Brady et al., 2007). We obtained two SAIL lines from ABRC
(SAIL_326_A05 and SAIL_825_B08) that allegedly contained
insertions in the COBL11 genomic region. However, no
T-DNA insertions could be identified by genotype analysis.
To find out whether COBL11 was functionally homologous
to COBL10, we took a different approach by introducing a
citrine-fused COBL11 into cobl/10 mutants. The subcellular
localization of COBL11 resembled that of COBL10 at the
apical plasma membrane and punctate vesicles (Figure
S6b). Procop.17:SP-Citrine-COBL11 in cobl10 mutants
partially rescued the reduced seed set (Figure S6a,c,d), a
finding that suggested that COBL71 plays a redundant,
albeit less important function, than COBL10.

DISCUSSION

Considering the increasingly rich information on both
sides of the sexual game, the question as to how pollen
tubes perceive female cues and translate them into coordi-
nated cellular activities requires more attention. Genes
whose mutations show defective male gametophytic func-
tion only in the presence of female signals are keys that
link extracellular guidance cues to intracellular networks
that define and reorient the growth of pollen tubes. Many
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mutants have defects in polarized growth of pollen tubes
in vitro, without input from the female (Fu et al., 2001; Frie-
tsch et al., 2007; Sousa et al., 2008; Szumlanski and Niel-
sen, 2009; Ye et al., 2009; Zhang et al., 2009; Wang et al.,
2011), suggesting that they affect components of the pol-
len tube internal machinery. Although such components
might also participate in cellular changes during female-
guided growth, it is difficult to separate their functions in
maintaining polar growth from responding to female cues.
The expression of COBL10 is high in mature pollen grains
and in tubes growing in vitro and in vivo (Honys and Twell,
2004; Brady et al., 2007; Qin et al., 2009). The semi-in vivo
assays (Figure 3) showed that pollen tubes of cobl/10 are
severely compromised in female-guided growth. This find-
ing is supported by the near sterility of cobl/70. The
increased seed size in cobl10 (Figure S1) might be because
more resources were allocated to the few fertilized ovules
in each silique.

The only other mutants reported to date that specifically
showed guidance defects were mutated at genes that
encode two potassium transporters (Lu et al., 2011) and
POD1 (Li et al., 2011). However, the ER localization of the
K* transporters and POD1 (Li et al., 2011; Lu et al., 2011)
suggests indirect signal sensing. In comparison, COBL10
functions at the apical plasma membrane of pollen tubes.
In addition to previous predictions (Roudier et al., 2005;
Brady et al., 2007) and results of proteomic studies (Borner
et al., 2003; Elortza et al., 2003, 2006) suggesting that COBs
are GPI-APs, we show that COBL10 lost its apical plasma
membrane localization in seth1 and seth2 mutants (Figure
S5), a result that strongly supports the idea that COBL10 is
a GPI-AP. GPI-APs play critical roles in mammalian cell-cell
communication (Chatterjee and Mayor, 2001; lkezawa,
2002), especially important in fertilization, as mutations of
GPI-APs expressed either in eggs (Alfieri et al., 2003;
Primakoff and Myles, 2007) or in sperm (Kondoh et al.,
2005) prevented fertilization. Comparable with the intense
communication between egg and sperm in mammals,
interactions between pollen tubes and female tissues are
critical for fertilization in flowering plants. It was recently
reported that LORELEI, a GPI-AP expressed in female ga-
metophytes, is critical for communication with incoming
pollen tubes during pollen tube reception (Capron et al.,
2008; Tsukamoto et al., 2010). We showed that COBL10 at
the apical plasma membrane of pollen tubes mediates
perception or interpretation of female signals, suggesting
that GPI-APs have been adopted as key determinants of
fertilization during evolution, even though different phyla
use divergent regulatory mechanisms.

The specific role of COBL10 during signal perception
and interpretation probably involves dynamic organization
of the pollen tube wall. Studies of other COB members
have indicated that COBs affect cell wall organization (Li
et al., 2003; Roudier et al., 2005; Ching et al., 2006; Sindhu
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et al., 2007; Hochholdinger et al., 2008). We show here that
mutations at COBL10 disrupted the formation of the apical
pectin cap as well as reduced the deposition of cellulose
microfibrils along the tube shank (Figure 4). Such effects
on carbohydrate deposition occur in vivo (Figure 4) but not
in vitro (Figure S3), suggesting that COBL10 function relies
on the presence of female signals. The reduced tube
growth of cobl10 seen in vivo and the localization of
COBL10 at punctate vesicles as well as the plasma mem-
brane are consistent with the idea that COBL10 regulates
cell wall synthesis or delivery of wall materials to the out-
side. The defects in tubes length in vivo also suggest that
COBL10 might have a role in sensing and relaying female
cues needed to stimulate tube growth in the transmitting
tract. However, we could not exclude the possibility that
the insensitivity of cob/70 pollen tubes to ovular guidance
is an indirect outcome of compromised tip growth due to
its inability to control wall modifications.

How COBL10 regulates the cell wall organization of pol-
len tubes upon sensing female signals remains to be
understood. One hypothesis involves pectin modifications.
Methyl-esterified pectins are deposited at the apical cap of
pollen tubes by inhibiting PME activity, maintaining the
elasticity of the apical cap and thereby facilitating polar
growth (Geitmann, 2010). COBs contain putative carbohy-
drate binding domains (CBD). It was reported that CBDs
released by bacteria regulate plant PMEs to facilitate their
entry into host cells (Hewezi et al., 2008). Analogous to this
mechanism during a plant-pathogen interaction, the CBD
of COBL10 may play similar roles during pollen-pistil inter-
action. Indeed, an in silico co-expression analysis (Obay-
ashi et al., 2011) showed that COBL10 is found with both
PME inhibitors and pectin lyases. A likely scenario to be
explored in the future is that COBL10 at the apical plasma
membrane recruits or activates PME inhibitors and similar
enzymes upon sensing female cues.

In animals, GPI-APs are processed at the ER by the PIG
complex and transported via post-Golgi vesicles to the
plasma membrane. Proper GPI processing relies on the
C-terminal hydrophobic residues whose truncations
caused either ER retention or protein degradation (Berger
et al., 1988; Fujita and Kinoshita, 2012; Galian et al., 2012).
We show here that localization of COBL10 at the apical
plasma membrane also relies on the C-terminal hydropho-
bic motif and proper GPI processing, suggesting an evolu-
tionary conservation of GPI-AP targeting. Results from
pharmacological treatments indicate that COBL10 is
present at post-Golgi vesicles (Figure 6), probably serving
as trafficking vehicles for its final delivery.

Considering the dynamic feature of pollen tube growth,
how the restricted localization of COBL10 at the plasma
membrane is maintained remains to be understood. In ani-
mal cells, GPI-APs are enriched at lipid rafts, which aggre-
gate at the growth front of polarized cells (Gomez-Mouton
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Figure 6. Apical plasma membrane localization of COBL10 relies on its C-terminal hydrophobic residues and is critical for its functionality. For (a), (b) and (c),
from top to bottom are bright-field images, FM4-64 as shown in magenta, COBL10-citrine as shown in green and merge of the two fluorescent images.

(a) Inset shows a magnified apical region of the pollen tube showing in (a). For (d), the bright-field image is in the top panel and citrine is in the bottom panel.
Bars, 10 um. Bar for (a) inset, 5 um. (a) COBL10-citrine in wild-type tubes treated with FM4-64 for 5 min. Arrowheads indicate regions of the apical plasma mem-
brane.

(b) COBL10-citrine in wild-type tubes treated with FM4-64 for 5 min followed with 0.4 pg/ul brefeldin A (BFA) for 30 min. Arrowheads indicate regions of the api-
cal plasma membrane.

(c) COBL10-Citrine in wild-type tubes treated with FM4-64 for 5 min followed with 0.8 um wortmannin (WM) for 1 h. Arrowheads indicate regions of the apical
plasma membrane. Arrows indicate membranous aggregates caused by WM treatment.

(d) COBL10AC-citrine in wild-type tubes. Arrowheads indicate regions of the apical plasma membrane.

(e) From left to right, representative siliques from a wild-type plant, a homozygous cobl/70 mutant, a homozygous cob/70 mutant transformed with Procogy 10:
SP-citrine-COBL10, and a homozygous cob/10 mutant transformed with Procog, 10:SP-citrine-COBL10ACY, respectively. (f) Percentage of unfertilized ovules in
siliques of cobl10 transformed with either Procog, 10:SP-citrine-COBL10 (yellow bar) or Procog; 10:SP-citrine-COBL10AC9 (lilac bar). Data were collected with 50

siliques from 10 independent plants for each sample. Asterisks indicate significant difference (Student’s t-test, P < 0.01).

et al, 2004). Pollen tubes, such as animal chemotactic
cells, may also contain lipid rafts at the very apical region.
Indeed, an alternate hypothesis for the specific function of
COBL10 is that it could regulate the clustering of lipid rafts,
which serve as signaling platforms to integrate multiple
proteins for sensing or interpreting female cues during
pollen—pistil interactions.

EXPERIMENTAL PROCEDURES
Plant growth and phenotype analysis

Arabidopsis plants were grown in a 4:1:1 mix of Fafard 4P:perlite:
vermiculite under an 18-h light/6-h dark cycle at 21°C. T-DNA
insertion lines including CS876299 (cobl10-1), CS879411 (cobl10-
2), CS875361 (cobl10-3) and the alleged COBL11 mutant alleles
(SAIL_326_A05 and SAIL_825_B08) were obtained from the Arabid-
opsis Biological Resource Center (ABRC, Ohio State University).

The Col-0 quartet1-2 (qrt1) mutant or qrt1;Pro, 4155:GUS was used
as wild type. Stable Arabidopsis transformation was done with
the floral dipping method (Clough and Bent, 1998). Transgenic
plants were selected on Murashige and Skoog medium supple-
mented with 30 mg/mg Basta salt (Sigma, http://www.sigmaald-
rich.com). Ovules from 48 HAP pistils were incubated in Hoyer's
solution for 45 min at 4°C, then cleared at room temperature for
2 h before visualization.

The segregation ratio of progenies from cobl10 heterozygous
plants or from reciprocal crosses was determined by polymerase
chain reaction (PCR) analysis using the following primers: G1/G2
for COBL10, G2/G3 for cobl10-1, cobl10-2 and cobl10-3. RNA
extraction was performed with Qiagen RNeasy Plant Mini Kit (Qia-
gen, www.giagen.com) according to the manufacturer’s instruc-
tion. OligodT-primed cDNA was synthesized using Superscript™
Il Reverse Transcriptase with on-column DNase treatment, as rec-
ommended by the manufacturer (Invitrogen, www.invitrogen.
com). Primers used to characterize three COBL710 mutants were
F1, R1, R2 and R3. Primers used in reverse transcription (RT)-PCR
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for endogenous COBL10 were R4/R5; for exogenous COBL10 were
R6/R7. Primers are listed in Table S1. Primers to amplify ACTIN2
(ACT2) are described in Zhang and McCormick (2007).

Plasmid construction

All constructs were generated using the Gateway™ technology
(Invitrogen). The entry vector for Procogy 10:SP-Citrine-COBL10 was
generated according to a three-step PCR protocol described
previously (Tian et al., 2004) with primers P1/P2/P3/P4 and the
citrine-specific primer pair P5/P6. The entry vectors for Procog; 10:
SP-citrine-COBL10AC9 were generated with primers P1/P7 using
the full length COBL10 entry vector as the template. The entry
vector for Procog.17:SP-citrine-COBL11 was generated with prim-
ers P9/P10/P11/P12 and the citrine-specific primer pair P5/P6. The
entry vector for calnexin was generated with primers P13/P14
using inflorescence cDNA as the template. Expression vectors
were generated by LR reactions using LR Clonase Il (Invitrogen,
www.invitrogen.com) with a previously described Gateway
destination vector (Zhang and McCormick, 2007). Primers are
listed in Table S1.

All PCR amplifications used Phusion™ hot start high-fidelity DNA
polymerase with the annealing temperature and extension times
recommended by the manufacturer (Finnzyme). All entry vectors
were sequenced using an ABI 3300 sequencer and sequences were
analyzed using Vector NTI (Invitrogen). The Bioneer® PCR purifica-
tion kit and Bioneer® Spin miniprep kit were used for PCR-product
recovery and plasmid-DNA extraction, respectively.

Transmission electron micrograph

For sample fixation, four HAP wild-type pistils pollinated with
either wild-type pollen or with cob/70 pollen were treated accord-
ing to the protocol for SEM. Tissues were then treated twice with
propylene oxide for 2h, propylene oxide:EPO812(1:1) (SPI-
Chem™) for 12 h, EPO812 for 12 h, EPO812 for 24 h, and
EPO812 + DMP-30 for 12 h. Samples were then fixed at 36°C for
12 h, at 45°C for 12 h, 60°C for 48 h. Fixed samples were sectioned
with RM2265 (Leica, www.leica.com) to locate pollen tubes, then
sectioned with Super Nova (Leica) for super-thin sections. Slides
were stained with 2% uranyl acetate for 15 min, then lead citrate
for 2 min and observed with a JEM-1200EX transmission electron
microscope.

Immunofluorescent labeling of semi-in vivo pollen tubes

Semi-in vivo pollen tube growth was done as described (Palaniv-
elu and Preuss, 2006). Immunofluorescent labeling was performed
with JIM5 and JIM7 as well as CCRC-M1 as described (Chebli
et al., 2012).

Imaging

Microscopic imaging was performed using a dissecting scope (Le-
ica), or Axio Observer D1 microscope (Zeiss, www.zeiss.com) with
either bright-field, differential interference contrast (DIC) or epiflu-
orescence optics, or with LSM780 laser scanning confocal micro-
scope (Zeiss). Images were captured using a Spot digital camera
(Diagnostic Instruments, http://www.diaginc.com/), exported using
Axiovision software (Zeiss), and processed using Adobe Photoshop
7.0 (Adobe).
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Figure S1. cobl10 has larger seeds than wild type due to increased
embryonic cell size.

Figure S2. cobl/10 has normal pollen development, hydration and
germination.

Figure S3. cobl10 pollen showed normal germination and growth
in vitro.

Figure S4. Pollen tubes of cob/10 did not differ from those of wild
type in carbohydrate deposition in vitro.

Figure S5. COBL10AC-citrine relocalized to the endoplasmic reticu-
lum.

Figure S6. The apical plasma membrane localization of COBL10
relies on an intact PIG complex.

Figure S7. COBL10 function is partly redundant with COBL11.
Table S1. Primers used in this study.

Movie S1. Pollen tubes expressing SP-Citrine-COBL10 during in vi-
tro growth.
Methods S1. Supporting experimental procedures.
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