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Rab11 GTPase-Regulated Membrane Trafficking Is Crucial for
Tip-Focused Pollen Tube Growth in Tobacco™
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Pollen tube growth is a polarized growth process whereby the tip-growing tubes elongate within the female reproductive
tissues to deliver sperm cells to the ovules for fertilization. Efficient and regulated membrane trafficking activity incorporates
membrane and deposits cell wall molecules at the tube apex and is believed to underlie rapid and focused growth at the pollen
tube tip. Rab GTPases, key regulators of membrane trafficking, are candidates for important roles in regulating pollen tube
growth. We show that a green fluorescent protein—tagged Nicotiana tabacum pollen-expressed Rab11b is localized
predominantly to an inverted cone-shaped region in the pollen tube tip that is almost exclusively occupied by transport
vesicles. Altering Rab11 activity by expressing either a constitutive active or a dominant negative variant of Rab11b in pollen
resulted in reduced tube growth rate, meandering pollen tubes, and reduced male fertility. These mutant GTPases also
inhibited targeting of exocytic and recycled vesicles to the pollen tube inverted cone region and compromised the delivery
of secretory and cell wall proteins to the extracellular matrix. Properly regulated Rab11 GTPase activity is therefore
essential for tip-focused membrane trafficking and growth at the pollen tube apex and is pivotal to reproductive success.
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INTRODUCTION

Upon pollination, pollen grains rapidly gemminate, and each de-
velops the polarized outgrowth of a pollen tube that penetrates
the pistil. Directional cues from various pistil tissues guide the
pollentubes tothe ovules to deliver the sperm cells to the embryo
sac for fertilization (Cheung, 1996; Johnson and Preuss, 2002;
Lord and Russell, 2002). Pollen tubes elongate by tip growth,
whereby the pollen cytoplasm is confined to the most proximal
region of the tube, and growth is restricted to the tube apex
(Hepler et al., 2001). F-actin~-dependent intracellular trafficking
transports organelles and vesicles tipward along the flank of the
tube and recycles them distally along the center of the tube, giv-
ing rise to what is known as a reverse-fountain cytoplasmic
streaming pattem typical of elongating pollen tubes. Cytologi-
cally, an inverted cone-shaped region abutting the tube apex,
referred to as the clear zone, is exclusively occupied by a high
density of transport vesicles (Lancelle and Hepler, 1992; Derksen
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etal., 1995a, 1995h), whereaslarger organelles, such as the Golgi
bodies, are distributed throughout the cytoplasm distal to this
region. Many of the vesicles in the clear zone fuse with the apical
membrane, depositing new membrane, membrane proteins, cell
wall materials, and secretory proteins to support growth at the
tube tip, and some may interact with female-derived molecules.
Some of these vesicles, together with endocytosed vesicles that
originate from membrane around the apical and subapical re-
gions, are retrotransported along the center of pollen tubes.
Endocytic vesicles are likely to have packaged within them mol-
ecules from the extracellular matrix and, for pollen tubes elon-
gating in the pistil, contain molecules secreted by female tissues,
some of which have been localized inside pollentubes(Lind et al.,
1996; Luu et al., 2000). To date, little is understood about how
anterograde and retrograde vesicle trafficking, fusion with the
plasma membrane, and budding from the plasma membrane
are regulated during pollen tube tip growth.

Rab GTPases are important regulators for endomembrane
trafficking, regulating exocytosis, endocytosis, and membrane
recycling, processes that are essential for maintaining normmal
cellular functions (e.g., see Geldner et al., 2001; Molendijk et al.,
2004; Surpin and Raikhel, 2004) and amplified in dividing (.g.,
see Waizenegger et al., 2000) and rapidly growing cells such
as pollen tubes. Different Rab GTPases associate with distinct
endomembrane compartments. They regulate membrane bud-
ding from donor compartments, determine the specificity of ves-
icle transport to target compartments, and facilitate vesicle and
target membrane fusion (Schimmoller et al., 1998; Sanderfoot
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and Raikhel, 1999; Armstrong, 2000; Zerial and McBride, 2001;
Tamm et al.,, 2003; Pfeffer and Aivazian, 2004; Seabra and
Wasmeier, 2004). In so doing, they are essential for the transport
of proteins and membrane through the endomembrane system
to their destination. Like other members of the RAS superfamily
of small GTP binding proteins, Rab proteins cycle between two
distinct conformations, a GDP-bound, mainly cytosolic, and in-
active form and a GTP-bound and membrane-associated active
form. The overall activity of an individual Rab GTPase is mod-
ulated by shuttling between these two activity states in response
to regulatory factors. For instance, negative regulators like the
guanine nuclectide dissociation inhibitors or GTPase-activating
proteins maintain these small GTPases in the GDP-bound in-
active form, whereas positive regulators, like the guanine nucle-
otide exchange factors in mammalian cells, would shift the
equilibrium toward the activated GTP-bound form.

The Rab GTPase family is by far the most complex among all
subfamilies of RAS proteins (Pereira-Leal and Seabra, 2000,
2001; Stenmark and Olkkonen, 2001), reflecting the multiplicity
of endomembrane trafficking pathways. Numerous Rab homo-
logs have been identified from different plant species, including
57 RABs in the Arabidopsis thaliana genome. Based on se-
quence homology, the Arabidopsis RABs are predicted to en-
code eight functional families, which may be further divided into
18 different structural subclasses (Rutherford and Moore, 2002;
Vernoud et al., 2003). Although many T-DNA insertional mutants
of these Arabidopsis genes are available, functional analyses
based on these mutants have not yet been reported. On the other
hand, studies of plant Rakb GTPases, like Rabs from other organ-
isms and other Ras-related small G proteins (e.g., see Tisdale
et al., 1992; Bar-Sagi and Hall, 2000), have taken considerable
advantage of their GDP-GTP exchange regulatory mechanism,
which allows the equilibrium between the activated and inactive
forms of these proteins be easily manipulated. Constitutive
active (CA) and dominant naegative (DN) mutations at conserved
positions in Ras-related GTPases render the mutant proteins
predominantly in the GTP-bound form or locked in the GDP-
bound state, respectively. Expression of CAor DN Rab GTPases
perturbs the endogenous activity derived from their wild-type
counterparts, revealing their functional significance. For a num-
ber of plant Rab GTPases, such as Arabidopsis Rab1b (At
RABDZa), ARA-6 (At RABF1), ARA-7 (At RABF2b), At RAB4b,
and tobacco (Nicotiana tabacum) Rab2, studieslargely based on
protein localization and expression of their CA and DN variants in
transformed plants have shown that they perform functions
homologous to those of their yeast and mammalian counterparts
(Batoko et al., 2000; Cheung et al., 2002; Grebe et al., 2003;
Preuss et al., 2004; Ueda et al., 2004), consistent with the Rab
regulatory pathway being highly conserved among eukaryotes.

The Rab11 GTPase family is probably the most complex
among all Rab protein families (e.g., with 26 Rab11 homologs, At
RABAs, in the Arabidopsis genome) (Rutherford and Moore,
2002; Vernoud et al., 2003). Some Rab11 GTPases in animals
and yeast are known to play important roles in membrane
recycling, in particularthe transport of receptor proteins between
endosomes, trans-Golgi network, and the plasma membrane
{(Ullrich et al., 1986; Schilierf et al., 2000; Wilcke et al., 2000; Band
et al., 2002; Hales et al., 2002; Volpicelli et al., 2002). They have
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also been associated with functions in various steps of exo-
cytosis (Benli et al., 1996; Jedd et al., 1997; Chen et al., 1998;
Chengetal., 2002; Ortiz et al., 2002) and phagocytosis (Cox et al.,
2000) or in the mobility of vesicles along actin bundles (Schott
et al., 1999; Lapiemre et al., 2001; Band et al., 2002; Hales et al.,
2002; Volpicelli et al., 2002). In plants, green fluorescent protein
(GFP)-tagged Rab11 homologs from pea (Pisum sativum), Pra-2
and Pra-3, have been localized to Golgi bodies and endosomes,
respectively, when exprassed in tobacco cells (Inaba &t al., 2002),
whereas GFP-Pra2 localized to the endoplasmic reticulum when
expressed in Arabidopsis (Kang et al., 2001). Cytoimmunodetec-
tion using a monoclonal antibody specific for an Arabidopsis
Rab11, ARA4 (AtRABASC), revealed a Golgi and post-Golgi vesicle
localization (Ueda et al., 1996). Another Arabidopsis Rab11 ho-
molog, AtRABA4b, cofractionated with a non-trans-Golgi network
membrane fraction (Preuss et al., 2004). These AtRABA4b-tagged
membranes most probably had derived from transport vesicles
since yellow fluorescent protein-AtRABA4b was localized to the
apical region of root hairs (Preuss et al., 2004), another tip growth
cell type with an apex enriched in transport vesicles similar to that
seen in pollen tubes. Functionally, the root hair apical localization
of yellow fluorescent protein-AtRABA4b correlates with normal
root hair elongation (Preuss et al., 2004). Rab11 activity has also
beanimplicated to be important for the secretion of cell wall mod-
ifying enzymes in ripening tomato (Lycopersicon esculentumn)
(Zainal et al., 1996; Lu et al., 2001). Other Rab11 homologs have
bean shown to be involved in light signal transduction and the
biosynthesis of brassinosteroid (Yoshida et al., 1993; Nagano
et al., 1995; Kang et al., 2001). Therefore, each plant Rab11
homolog or subsets of closely related homologs may have a highly
specialized function that cannot be derived by analogy with their
counterparts from other organisms but needs to be experimentally
determined.

While the importance of membrane trafficking and spatially
regulated exocytosis and endocytosis to polarized pollen tube
growth is evident, the molecular mechanisms behind these
processes are largely unknown. Specific members within the
Rab GTPase family are presumably critical for the regulation of
this tip growth process. To date, only one pollen-expressed Rab
GTPase, a Rab2 homolog from tobacco, has been shown to be
important for pollen tube growth and active in regulating vesicle
trafficking between ER and Golgi bodies (Cheung et al., 2002).
Using GFP-labeled Rab11b (Figure 1), we present evidence that
a tobacco pollen Rab11 homolog, Rab11b, localizes predomi-
nantly to the apical clear zone of elongating pollen tubes. Its
localization is intimately linked to the targeting of cell wall and
secretory proteins and recycled membranes to the pollen tube
clear zone and is crucial for efficient secretory activity, pollen
tube growth rate, directionality, and male fertility.

RESULTS
GFP-Rab11b Localized Predominantly to the Apical Clear

Zone of Elongating Pollen Tubes

A cDNA for Rab11b (see Haizel et al., 1995) was readily isolated
by RT-PCR from tobacco pollen mBMNA but not amplified from
seedling mMRBRNA (data not shown; see Supplemental Figure 1
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153 Lat52-GFP-Rab11b s e | Rab11b [

173 Lat52-GFP-Rab11b (DN)  INLS62N|  GFP | Rab11b(DN) [3

174 Lats2-Flag-Rab11b(DN)  [INNESISANIF 'Rab11b(DN)_ [3]

207 Lat52-GFP-Rab11(CA) GFP_ | "Rab11b (CA) 12}

21 Lat52-GFP

136/137  Lat52-Inv-GFP | Lats2 | Inv [ N R
146 Lat52-Sec-GFP INESEENsec.  GFP | 3

147 Lat52-SynAGP- GFP INEESZNsynAGP|  GFP | ¥ |

Figure 1. A List of Constructs.

DM and CA mutations have S28N and Q73L substitutions, respectively, in Rab11b (see Supplemental Figure 1 cnline for the deduced Rab11b amino
acid sequence). The 39in the sketches for the constructs indicates an added polyadenylation signal.

online for sequence alignment with other Rab11 GTPases),
consistent with its being preferentially expressed in the male
gametophyte. The expression profie of Rab11b mRNA (Figure
2A) conforms to a pattern of increasing accumulation during
anther development, reaching a maximum at pollen maturity
typical of many pollen mRNAs (Guyon etal., 2000; V. Di Stilio and
A.Y. Cheung, unpublished data), a strategy thought to ready the
pollen grains for germination and the early tube growth process
(Mascarenhas, 1989).

When GFP-Rab11b (Figure 1) was expressed in transformed
pollen, it localized most prominently in the apical clear zone of
in vitro—grown pollen tubes (Figure 2B). A low level of punctuate,
but not highly discrete, structures was also weakly labeled by
GFP-Rab11b throughout the tube (see also Figure 3). The apical
zone of green fluorescence was always trailed by a grainward
stream of fluorescence extending along the center of the tube
(Figures 2B and 3A). Accumulation of GFP-Rab11b in the
inverted cone region abutting the apex was also observed in
pollen tubes that had elongated through the pistil. The apical
clear zone is known to be densely and exclusively occupied by
transport vesicles (Lancelle and Hepler, 1992; Derksen et al.,
1985a, 1995b). The apical concentration of GFP-NtRab11b thus
strongly supports a transport vesicle localization of this fusion
protein. The accumulation of GFP-Rab11b in the clear zone was
rapidly dissipated by treatment with the actin polymerization
inhibitors latrunculin B (Figure 2C) or cytochalasin D (data not
shown). This observation is also consistent with GFP-Rab11b
being associated with transport vesicles, which are known to
track along actin filaments in plant cells (see Hepler et al., 2001).
Moreover, the apical localization of GFP-Rab11b mimics those
shown by GFP-tagged proteins destined for the pollen tube cell
surface or secretion (Cheunget al., 2002; see Figure 7), suggest-

ing a functional link between Rab11b to the trafficking and
delivery of these proteins to the growing tube tip.

The domain cccupied by GFP-Rab11b within the apical dome
was highly dynamic both spatially and temporally (Figure 2F; see
Supplemental Movie 1 onling). The GFP-Rab11b accumulation
zone cycled rapidly from spanning just a narrow distance against
the apex to filing the entire clear zone and then retracting to
a region more closely abutting the apex (Figure 2F, compare the
25,175, and 275 s images; see Supplemental Movie 1 online). It
seems plausible that the temporal and spatial fluctuation of GFP-
Rab11b-labeled vesicles at the tube apex may correlate with the
periodic fast and slow growth phases of elongating pollen tubes
(see Parton et al., 2001). When observed over a broader time
frame over which distances covered and growth trajectories
could be clearly resolved, the apical zone of GFP-Rab11b was
always maintained parallel to the pollen tube growth axis, even
when these cells were recrienting to a new growth trajectory
(Figures 2D and 2E). With these observations, we speculate that
Rab11b is important for both apical growth and directionality of
elongating pollen tubes.

Apical Localization of GFP-Rab11b Depends on
Proper Regulation of lts Activity

The ability for Rab11b to regulate the shuttling between the
active and inactive forms by GTP-GDP exchange is apparently
critical for the targeting of Rab1 1b-tagged vesicles to the pollen
tube apical clear zone. As shown in Figure 3, a DN mutation
(S28N) completely abolished apical accumulation of GFP-
Rab11b({DN), while a CA mutation (Q73L) caused more subtle
effects and rendered GFP-Rab11b{CA) to be more evenly
distributed within the apical dome. Moreover, GFP-Rab11b(DN)
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LatB, 1 min

LatB, 2.5 min
B

5 min

Figure 2. Expression and Localization of NtRab11b.

(A) Gel blot analysis for Rab11b mRNA. Lane 1, young leaves; lanes 2 to
6, developing anthers atstages 3to 5,6 and 7, 8 and 9, at anther maturity
(stages 10 to 12}, and in mature dry pollen, respectively. Twenty micro-
grams cf total RNA was examined for each sample. Anthers were staged
accerding to Kultonow et al. (1990). A faint NtRab11b signal was ob-
served in lane 1 only after prolonged exposure (data not shownj.

(B} to (F) Transformed pollen grains from plant 153-12 (see Table 1 and
Supplemental Figure 2 online} were cultured in vitro for observation.

(B) Localization of GFP-Rab11b in an elongating pollen tube.

(C} A GFP-Rab11b—expressing pollen tube cbserved almost immediately
(1 and 2.5 min) after addition of latrunculin B (12.5 nM).

(D} and (E} Localization of GFP-Rab11b ina pollen tube following a stable
growth trajectory (D} and in a pollen tube recrienting its growth trajectory
(arrows) (E}. Pollen tubes were followed for 10 min as indicated. The top
and bottom panels of each figure are differential interference contrast
images of the same tubes taken at the beginning and end of the imaging
pericds. Arrow in (D) points to the apical clear zone. Bars  ; 10 mm.
(F) Selected confocal images from a time series (taken at 5 s apart) of an
elongating GFP-NtRab11b—expressing pollen tube. Mumbers indicate
time (s) from the beginning of the time series. The entire time series is
shown in Supplemental Movie 1 online.

accentuated labeling of the punctuate structures, whereas GFP-
Rab11b{CA) showed a plasmalemma localization not cbserved
for its wild-type or DN counterparts.

The size, abundance, and streaming pattern of the punctuate
structures labeled by GFP-Rab11b, its DN and CA derivatives
were most reminiscent to pollen tube Golgi bodies (Cheung etal.,
2002). Treatment by Brefeldin A (BFA), which reversibly disrupts
Golgi stacks in many cell types, including pollen tubes (Rutten
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and Knuiman, 1993; Cheung et al., 2002; Ritzenthaler et al.,
2002), resulted in the dissociation of these discrete structures
and appearance of membrane patches, which were especially
evident in GFP-Rab11b({DN)-and Rab11b(CA)-expressing pollen
tubes (Figures 3B and 3D). As with the reversible effect of BFA on
the disruption of Golgi stacks, discrete GFP-labeled organelles
reappeared upon BFA removal and were most readily observed
among GFP-NtRab11b(DN)-expressing tubes (Figure 3C), fur-
ther supporting that this Rab11b variant has a prominent Golgi
association. Moreover, BFA treatment, in addition to abolishing
the GFP-Rab11b{CA)-abeled organelles, also accentuated its
cell membrane association (Figure 3D).

A Whole tube projection Medial section

GFP-Rab11b

GFP-Rab11b{DN)

e i

Figure 3. Localization of GFP-Rab11b(DN) and GFP-Rab11b(CA).

Pollen from transgenic plants 153-12, 173-8, and 207-2 (see Table 1 and
Supplemental Figure 2 online) were cultured in vitro.

(A) Whole tube projection and a medial section from confocal imaging of
GFP-Rab11b-, GFP-Rab11b[DN)-, and GFP-Rab11b(CA)-expressing
pollen tubes.

(B) Confocal images of a medial section of a BFA-treated (1 mg/mL) GFP-
Rab11b(DN)-expressing pollen tube at 2 min (top panel} and 15 min
(pottom panel) after BFA additicon.

(C) Confocal images of a medial section of a GFP-Rab11b{DM}-expressing
pollen tube at the end of BFA treatment (1 mg/mL, 15 min} {top panel) and
30 min after BFA washout (bottom panel).

(D) Confocal images of a GFP-Rab11b(CA)-expressing pollen tube at 15
min after BFA (1 mg/mL) addition. Top panel shows a whole tube
projection of all optical images; bottom panel shows two contiguous
medial optical sections where the plasmalemma association of GFP-
Rab11b(CA) was most evident.

Plasma membrane localization of GFP-Rab11b{CA) ([A] and [D]} is
indicated by arrows. Bars 10 mm ([A] to [D]).
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Expression of GFP-Rab11b{DN) and GFP-Rab11b(CA)
Inhibits in Vitro Pollen Tube Growth and Directionality

To determine whether altering the overall pollen tube Rab11
activity would affect the pollen tube growth process, we exam-
ined pollen from Lat52-GFP-Rab11, Lat52-GFP-Rakb11(DN), or
Lat52-GFP-Rab11b{CA) transformed plants (Figure 1, Table 1;
see also Supplemental Figure 2 online for the level of fusion
proteins in these transformed pollen populations). When germi-
nated in vitro, transformed pollen tolerated a broad range of
GFP-Rab11b accumulation and showed comparable gemina-
tion frequency and growth rate as control nontransformed (data
not shown) and transformed GFP-expressing pollen (Figure 4).
The effect of GFP-Rab11b(DN) on germination was moderate;
only grains that accumulated very high levels of this protein, as
judged by their green fluorescence level, were inhibited for ger-
mination. However, pollentube growth was reduced significantly
by the expression of GFP-Rab11b(DNj (Figure 4). Expression of
GFP-Rab11b(CA), on the other hand, was highly inhibitory to
pollen germination. When pollen grains from transgenic plants
that expressed different levels of pollen GFP-Rab11b{CA) (see
Supplemental Figure 2B online) were cultured, tubes that de-
veloped from all of these pollen populations consistently showed

Table 1. Segregation Analysis of Transformed Plants Expressing
Various Forms of Rab11b

Self- Transgenic Plant
o Pollination as Pollen Donor
Transgenic Line
Plant Number) Km™ Km*® (Ratio)® Km"™ Km® (Ratio)
Lat52-GFP-Rab11b 72 28 (; 2.5:1) Mot determined
(153-12)°
Lat52-GFP-Rab11b(DN) 48 52  (; 1:1) 4 96 (1:24)
(173-4)¢
Lat52-GFP-Rab11b(DN) 66 34 (; 2:1) 21 79 ( 1:4)
(173-8
Lat52-GFP-Rab11b(CA) 94 81 (; 1:1) 3 194 (; 1:64)
(207-2)4
Lat52-GFP-Rab11b(CA) 105 18 (; 6:1) 0 ,; 200
(zo7-16)@
Lat52-Flag-Rab11b(DN) 56 44 (; 1:1) 11 89 (; 1:8)
(174-6)°

2K, kanamycin resistant; Km®, kanamycin sensitive.

bline 153-12 was typical of Lat52-GFP-Rab11b transformed plants.
Seed vyields by self-pollination were not noticeably affected.

€ Lines 173-4 and 173-8 were representative of Lat52-GFP-Rab11b(DN})
transformed plants with high or moderate levels, respectively, of
expression of these fusion proteins (see Supplemental Figure 2A online).
dLines 207-2 and 207-16 had low and very high levels, respectively, of
GFP-Rab11b{CA) protein accumulaticn in their pollen (see Supplemental
Figure 2B online). When observed microscopically, half of the pollen
grains from 207-2 showed weak GFP fluorescence, and virtually all of
the pollen grains from 207-16 expressed the fusion protein, supporting
a single T-DNA insertion locus in line 2 and multiple ones in line 16.
Nineteen of the 22 Lat52-GFP-Rab11b(CA} transgenic lines observed
were compromised in seed yields; many of them were severely reduced
in male fertility. These properties correlated with GFP-Rab11b(CA)
expression levels (see Supplemental Table 1 online).

@ Line 174-6 was used in crosses with cargo lines.
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Figure 4. Rab11b(DN) and Rab11b(CA) Inhibit in Vitro Pollen Tube
Growth Efficiency.

(A} Comparison of in vitro—grown Lat52-GFP-Rab11b, Lat52-GFP-
Rab11b(DN}, and Lat52-GFP-Rab11b(CA)} transformed pollen tubes at
3 h (top row of images) and 6 h (bottom row of images) after plating.
Routinely, between 60 and 75% of the Lat52-GFP-Rab11b transformed
pollen grains germinated, a level comparable to that cbserved among
control nontransformed or Lat52-GFP transformed pollen grains. At least
50% level of the transformed pollen from Lats52-GFP-Rabi1b(DN)-
transformed plants germinated efficiently. Only grains that showed the
strongest green fluorescence failed to germinate. At most 10 to 20% of
transformed pollen from most of the Lat52-GFP-Rab11b(CA) trans-
formed plants examined geminated, and these were among grains
that showed the lowest level of green fluorescence. Bars 100 mm.
(B} Histogram shows average pollen tube length attained by pollen tubes
at 3 and 6 h after plating. Student’s  tests show that data from GFP-
Rab11b(DN)- and GFP-Rab11b{CA)-expressing tubes were significantly
different from those of the controls (GFP and GFP-Rabi11b; P < <0.01).
They also show that data from GFP-Rab11b{CAj)-expressing and GFP-
Rab11b(DN)-expressing pollen tubes were significantly different from
each other (with P < 0.05). Error bars indicate averages from the number
of pollen tubes measured (n).

Pollen from transgenic plants 21, 153-12, 173-8, and 207-2 were used for
these experiments, and the data shown were representative of multiple
experiments. Pollen grains transiently cotransformed by Lat52-GFP and
Lat52 driven untagged versions of these Rab11bs produced qualitatively
similar results, except that the inhibitory effects by MtRab11b(DN} and
NtRab11b(CA} were more pronounced (data not shown).
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A GFP-Rab11b(DN) GFP-Rab11b(CA)

GFP-Rab11b

B GFP-Rab11b(CA)

GFP-Rab11b(DN

(GFP GFP-Rab11b(DN)

Figure 5. Rab11b(DN) and Rab11b(CA) Inhibit in Vitro Pcllen Tube
Growth Directicnality.

(A) Representative meandering GFP-Rab11b(DN}- and GFP-Rabi11b
(CA)-expressing pollen tubes. The top panels are epiflucrescence
images; the bottom panels are confocal images.

(B) Correlation of the meandering pollen tube phenotype with the expres-
sion levels of GFP-Rab11b, GFP-Rab11b(DN), and GFP-Rabi1b(CA).
Images for the GFP-Rab1 1b(CA)-and GFP-Rab11b(DNj—expressing tubes
were 1-s exposures. For the GFP-Rab11b—expressing tubes, the top three
images were taken at 0.6-s exposures; the bottom image was the same
tube as in the image above except that it was taken by autoexposure and
revealed the apical inverted cone localization of the GFP-Rab11b protein.
Pcllen tube width at the location marked by arrowheads is 8.1, 9.4, and
11.1 mm, from top to bottom, respectively.

(C} In vitro pollen tube targeting of ovule micropyle. After pollen grains
were cultured in germination medium for ; 3 h, freshly excised mature
ovules from unpcllinated pistils were distributed among the elongating
pollen tubes. Pollen tube growth was allowed to proceed for ancther 3 h
for GFP- and GFP-Rab11b-expressing tubes, 6 h for GFP-Rab11b(DM)-
and GFP-Rab11b{CA}-expressing tubes. Pollen tubes [; 50 for GFP-
and GFP-Rab11b-expressing ones and >100 for GFP-Rab11b(DN}- and
GFP-Rab11b({CA)-expressing ones] growing in close proximity to the
ovules were cbserved for their ability to target the micropyle or to
penetrate the ovules. m, micropyle; g, pollen grain. The asterisk in the
GFP panel indicates the signal from the penetrated tube.

Pollen from lines 21, 153-12, 173-8, and 207-2 were used in these
experiments.
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very low levels of green fluorescence (see Figure 5), and they
were significantly shorter than control pollen tubes (Figure 4).
Moreover, in repeated experiments, the average lengths attained
by GFP-Rab11b{CA)-expressing tubes were also noticeably
shorter than those observed for GFP-Rab11b{DN)-expressing
tubes (Figure 4).

In vitro—grown pollen tubes have a high propensity to follow
a stable growth trajectory, giving rise to tubes with a relatively
straight morphology. Notably, pollen tubes expressing GFP-
Rab11b{DN) or GFP-Rab11b{CA) showed dramatic meandering
phenotypes (Figure 5). Some of them zigzagged along the entire
length of the tube, and this property was most prevalent among
the Lat52-GFP-Rab11b(CA) transformed tubes (Figure 5B).
Others showed a period of straight growth interrupted by abrupt
and continuous turning, resulting in a knotted morphology along
their lengths or at the tube tip (Figures 5A and 5B). When pollen
tubes were examined under identical imaging conditions, it be-
came apparent that GFP-Rab11b(CA) was considerably more
active in inducing pollen tube zigzagging than GFP-NtRab11({DN)
(Figure 5B). Using the level of green fluorescence as a measure
for the level of these fusion proteins in individual tubes, we
observed that pollen tubes accumulating very low levels of GFP-
Rab11b{CA) already showed severe zigzagging, whereas it took
substantially higher levels of GFP-Rab11b{DN) accumulation to
induce moderate twists and turns. Furthermore, pollen tubes that
developed from grain populations that accumulated higher levels
of GFP-Ralkb11b(DN) produced more meandering tubes (datanot
showny), consistent with a dose-dependent phenomenon. More-
over, pollen tubes apparently could tolerate relatively high levels
of GFP-Rab11b(DN) as strongly fluorescent tubes with twists
and tums (Figure 5B) were quite prevalent. On the other hand,
few pollen tubes with green fluorescence levels higher than those
seen in Figure 5B existed among GFP-Rab11b{CA)-expressing
tubes. Apparently, pollen grains with even moderate levels of this
fusion protein had not germinated.

Few meandering tubes were observed among pollen that ex-
pressed GFP-Rab11b. When zigzagging did occur, the amount
of GFP-Rab11b in these tubes was much higher than those
observed in wavy GFP-Rab11b(CA)-expressing pollen tubes
{(Figure 5B, right parel). However, unlike GFP-RAb11b(DN) and
GFP-Rab11b(CA), the ability of GFP-Rab11b to accumulate in
the apical inverted cone region had not been compromised,
though pollen tube broadening was apparently induced by in-
creasing levels of this fusion protein (Figure 5B).

In order to enter the ovules for fertilization, pollen tubes re-
spond to guidance cues that emanate from the ovule and target
growth toward and into the ovule via an aperture known as the
micropyle (Hulskamp et al., 1895; Higashiyama et al., 1998,
2001; Shimizu and Okada, 2000; Huck et al., 2003; Palanivelu
et al., 2003; Marton et al., 2005). Pollen tubes from a number of
plant species grown in vitro retain the capacity to grow toward
and penetrate ovules (Higashiyama et al., 1998, 2001), though at
efficiency substantially lower than what occurs in vivo. When
ovules were included in in vitro pollen tube growth cultures, GFP-
and GFP-Rab11b-expressing pollen tubes that extended close
to an ovule were often (; 25%) seen to approach or have entered
the owvule (Figure 5C). On the other hand, of the >100 GFP-
Rab11b{DN) and GFP-Rab11b(CA) pollen tubes growing in close
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proximity to ovules that were observed, none penetrated the
ovules. Instead, the growth path of some of these pollen tubes
suggests that even when elongating in the micropylar vicinity,
they would elongate past it and continued their growth onto the
medium (Figure 5C). The tendency for GFP-Rab11b{DN}- and
GFP-NtRab11b{CA)-expressing pollen tubes to twist, turn, and
meander had apparently compromised their ability to aim their
growth trajectory at the micropyle.

Expression of GFP-Rab11b(DN) or GFP-Rab11b(CA) Inhibits
Pollen Tube Growth inVivo and Reduces Male Fertility

Upon pollination on the stigma, wild-type tobacco pollen grains
germinate efficiently, and a majority of theirtubes reach the style-
ovary junction; 30h after pollination (Cheung etal., 1995; Wang
etal., 1996). Direct examination of pallinated pistils (Figures 6A to
6N) showed that most GFP-expressing (data not shown) and
GFP-Rab11b-expressing grains geminated (Figure 6A), and
many of these tubes reached the basal stylar region by 30 h
after pollination (Figure 6C). As for GFP-Rab11b(DN)-expraessing
pollen grains, most of them germinated, except the most highly
fluorescent grains (data not shown). However, by 30 h after
pollination, a majority of GFP-Rab11b{DN) pollen tubes only
reached one-half to two-thirds down the style (Figures 6D and
6E), and a few short wavy tubes remained in the stigmatic region
(Figure 6G). Germination of GFP-Rab1 1b({CA)-expressing pollen
grains were severely inhibited (Figure 6B). Tubes that germinated
were still almost exclusively within the upper half of the style
(Figure 6F) even by 48 h after pollination. Short wavy GFP-
Rab11b(CA)-expressing pollen tubes could be observed on the
stigmatic surface (Figure 6H).

When the placenta from pistils pollinated with Lat52-GFP,
transformed pollen was excised at 30 h after pollination, GFP-
expressing pollen tubes could be seen penetrating micropyles,
and green fluorescence was already obsearved in ; 10% of the
ovules, reflecting pollen tube penetration (Figure 6K). Similarly,
GFP-NtRab11b-expressing pollen tubes have also penetrated
ovules (Figure 6L), but the number of green fluorescent ovules
was slightly lower than that seen in pistils pollinated by GFP-
expressing pollen. However, we have not observed GFP-
Rab11b-expressing pollen tubes in the middle of entering an
ovule, possibly the restricted apical localization of this fusion
protein in in vivo elongating pollen tubes (Figure 6J) had made it
very difficult to capture the moment of micropyle entrance. A
considerable number of Lat52-GFP-Rab11b(DN) transformed
pollen tubes reached the ovary by 48 h after pollination. Ovules
with green fluorescence signal were observed (Figures 6M
and 6N), but they were fewer than that achieved by GFP- or
GFP-Rab11b-expressing pollen tubes. The ability of GFP-
Rab11b({CA)-expressing pollen tubes to penetrate ovules was
not examined. Their slow growth rate would have precluded
their arrival at the ovary before ovules have lost their receptivity,
. 72 h after anther dehiscence (see Cheung et al., 1935; Wang
et al., 1996).

Semi-in vivo pollen tube growth assays (Cheung et al., 1995;
Higashiyama et al., 1998) were used to further illustrate the
differences in pollen tube growth rate within the pistil for pollen
that expressed the wild-type or mutant forms of GFP-Rab11b
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{(Figures 60 to 6T). In these experiments, pollen from heterozy-
gous transformed plants with a single T-DNA insertion locus was
used to pollinate wild-type pistils. For pistils pollinated by pollen
from a Latb2-GFP-Rab11b transformed plant, both wild-type
and GFP-Rab11b-expressing tubes emerged at the cut stylar
end at a comparable time after culturing, although the number of
green fluorescent tubes was consistently lower than half of the
entire pollen tube population (Figure 60). It is possible that the
strongest fusion protein-exprassing tubes were slightly retarded
during in vivo pollen tube growth. On the other hand, for pis-
tils that had been pollinated with pollen from a Lat52-GFP-
Rab11b{DN) or a Lat52-GFP-Rab11b(CA) transgenic plant, no
transformed pollen tube emerged even when wild-type tubes
had grown some distance after their emergence from the cut
styles (Figures 6P and 6Q). Instead, most of the transformed
pollen tubes were in the middle or upper part of the excised pistils
(Figures 6R and BS).

Observations on pollen tube growth in the pistil described
above support that pollen tube growth in the stigma and stylar
transmitting tissue was substantially retarded by the expression
of GFP-tagged DN or CA Rab11b mutant variants. This conclu-
sion was further supported by segregation analysis of trans-
formed plants (Table 1). Lat52-GFP-Rab11b transformed plants
showed close to normal male fertility. The slightly reduced male
inheritance observed in some of these transgenic plants (Table 1)
was most probably due to highly expressed GFP-Rab11b in
aminor population of the transformed pollen grains, undermining
their germination and growth efficiency. On the contrary, ex-
prassion of DN or CA variants of the GFP-Rab11b considerably
reduced male fertility, and this effect was especially drastic
among Lat52-GFP-Rab11b{CA) transformed plants (Table 1).
The extent of reduced male inheritance observed in Lat52-GFP-
Rab11b(DN) transformed plants correlated with the level of
expression of the fusion protein (see Supplemental Figure 2
onling). On the other hand, a majority of the =20 Lat52-GFP-
Rab11b{CA) transformed plants examined showeda comparably
strong reduced male fertile property irrespective of the level of
GFP-Rab11b(CA) observed among their pollen grains (Table 1;
see Supplemental Figure 2 online). Seed yield was significantly
reduced among these Lat52-GFP-Rab11b{CA) transformed
plants (see Supplemental Table 1 online). Toegether with the ob-
servations that pollen germination and tube growth were highly
sensitive to GFP-Rab11b(CA) (Figures 4 to 6), the uniformly
observed reduced male fertility was consistent with the possi-
bility that in every Lat52-GFP-Rab11b(CA) transformed line, only
pollen grains that expressed very low and below inhibitory levels
of this fusion protein managed to contribute to fertilization.
Moreover, fusion with GFP apparently had modulated the activity
of these small GTPases as exprassion of untagged versions of
DN and CA Rab11bs consistently showed stronger inhibitory
effects than their GFP-tagged counterparts and significantly
reduced male fertility {e.g., see line 174-6 in Table 1).

Rab11 Regulates Delivery of Cell Wall and Secreted Proteins
and Membrane Recycling

Three GFP-labeled cargo proteins (Figure 1) and the fluorescent
lipophilic dye FM4-64 (Bolte et al., 2004) were used to examine
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the functional significance of Rab11 activity in membrane traf-
ficking. The pollen tube wall-located invertase (Inv)-GFP (Figure
7A) was derived from a tobacco pollen-expressed invertase
(Greiner et al., 1995). Sec-GFP was a secreted form of GFP,
whereas SynAGP-GFP was a secreted fusion protein of a syn-
thetic arabinogalactan protein and GFP (Shpak et al., 1999) (see

(A} to (N) In vivo pollen germination and tube growth. Pistils were
observed at 30 h ([A], [C] to [E], [G], and [I] to [L]) or 48 h ([B], [F], [H],
[M], and [N]} after pollination. Stylar segments shown here were from
bisected pollinated styles; ovules were from excised placenta tissues.
(A} and (C) Stigmatic (A} and basal (C} stylar region of a pistil pollinated
by Lat52-GFP-Rab11b transformed pollen grains (from plant 153-12). A
majority of pollen grains have germinated, and a large number of the
transformed pollen tubes have reached the stylar/ovary junction (in-
dicated by an asterisk) by 30 h after pollination.

(B} and (F} Stigmatic (B} and substigmatic (F) region of a pistil pollinated
by Lat52-GFP-Rab11b(CA) (plant 207-2). Even at 48 h after pollination,
mest transformed pollen grains remained ungerminated, and tubes from
the germinated grains only reached at most half way down the style.
(D) and (E) Basal (D) and mid-stylar (E) region of a pistil pollinated with
Lat52-GFP-Rab11b(DN) transformed pollen (from plant 173-8) at 30 h
after pollinaticn.

(G} and (H)} Meandering Lat52-GFP-Rab11b{DN) (G) and Lat52-GFP-
Rab11b(CA) {H} transformed pollen tubes on pollinated stigmas.

I} and (J} Lat52-GFP (I} and Lat52-GFP-Rab11b {J} transformed pollen
tubes elongating within the transmitting tissue. GFP-Rab11b predomi-
nantly localized to the apical region, contrasting the even distribution of
GFP throughout the tube cell.

(K} Ovules from pistils pollinated with Lat52-GFP transformed pollen.
Owules penetrated by these pollen tubes showed green flucrescence
from within (asterisk). A pollen tube was seen penetrating a micropyle
(m). Inset shows fluorescence in the embryo sac of an ovule.

(L) Ovules representative of those penetrated by Lat52-GFP-Rabi11b
transformed pollen tubes.

(M} and (N} Ovules from a pistil pollinated with Lat52-GFP-Rab11b({DN)
at 48 h after pollination.

(O} to (T) Pollen tubes from semi-in vivo pollen tube cultures.

(O} Pistil was pellinated by pollen from Lat52-GFP-Rab11b transformed
plant 153-12.

(P} and (R) Pistil was pollinated by pollen from Lat52-Rab11b(DN)
transformed plant 173-8.

(Q) and (8) Pistii was pollinated by pollen from Lat52-Rab11b(CA)
transformed line 207-2. Plants used were segregating 1:1 transformed
and nontransformed pollen. The top two-thirds of the pollinated pistils
were excised at 6 h ([0], [P], and [R]) and 30 h ([@] and [S]) after
pollination and transferred to in vitro pollen tube growth medium and
cultured for 14 h ([0], [P1, and [R]) and 30 h ([Q] and [S]).

(O} to (@) Top row: bright-field images showed that nontransformed
pollen tubes have emerged from the cut stylar ends. Bottom row:
flucrescent images showed that GFP-Rab11b-expressing pcollen tubes
have also emerged (0} but not GFP-Rab11b(DN)- (P} or GFP-Rab11b
[CA)-expressing (Q) pollen tubes. Bars indicate stylar diameter.

(R} Mid-stylar segment of the pistil shown in (P}, where most GFP-
Rab11b({DMN)-expressing pollen tubes were located.

(S) Upper-stylar region of the pistil shown in (Q}, where GFP-Rab11b
(CAJ—expressing pollen tubes were located. The region with the asterisk
is shown enlarged in the right-hand panel.

(T} A GFP-Rabl11b-expressing pollen tube that has emerged from
Figure 6. Effect of DN and CA Rab11bs on Pollen Tube Growth in the a pollinated pistil. Localization of this fusion protein to the apical clear
Pistil. zohe was evident.
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A Inv-GFP

Inv-GFP

Sec-GFP + Flag-Rab11b{(DN

SynAGP-GFP SynAGP-GFP + Flag-Rab11b{DN

E Sec-GFP
+ Rab11b(CA)

SynAGP-GFP
+ Rab11b(CA)

Figure 7. Rab11b(DN}and Rab11b(CA) Affect Delivery of Cell Wall and
Secreted Proteins.

Stable transformed pollen grains were used in (A)to (D), microprojectile
bombardment transformed pollen tubes are shown in (E). Pollen grains
were germinated in vitro. Images in the main panels of (B)to (D) were
taken by autoexposure, revealing the predominant localization of the
cargo proteins. To compare the level of cargo retention within the tube,
images in the inset of each of the right panels were control tubes
expressing cargo molecules only but imaged with the same exposure
time as that for the double-transformed tube shown in the main image.
(A} Transformed pollen tubes expressing Inv-GFP during initial pollen
tube growth period (0.5 h after plating) showing cell surface and apical
clear zone accumulation of the fusion protein (left panel) or cell wall
localization after plasmolysis (right panel). Arrowhead indicates cell wall.
(B} A Lat52-Inv-GFP transformed tube (left panel)and a Lat52-Inv-GFP
and Lat52- ag-Rab11b(DM) cotransformed tube (right panel) at 4 h after
plating.

(C)A Lat52-Sec-GFP transformed tube (left panel)}and a Lat52-Sec-GFP
and Lat52- ag-Rab11b(DM) cotransformed tube (right panel) at 4 h after
plating.

(D) A Lat52-SynAGP-GFP transformed tube (left panel) and a Lat52-
SynAGP-GFF and Lat52-Rab11b(DN) cotransformed tube at 6 h after
plating.

(E)} A Lat52-Sec-GFP and Lat52-Rab11b(CA) (left panel) and a Lat52-
SynAGP-GFF and Lat52-Rab11b(CA)(right panel) cotransformed tube at
6 h after plating.

Supplemental Figure 2 online for a protein blot for these pollen-
expressed fusion proteins). Similar to several other proteins
destined to the pollen tube cell surface observed (g.g., see
Cheung et al_, 2002; Cheung and Wu, 2004), Inv-GFP, Sec-GFP,
and SynAGP-GFP showed prominent accumulation at the
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inverted cone region of the pollen tube apex (Figures 7A to 7D,
left-hand panels). Some intracellular labeling was also notice-
able, re ecting passage of these proteins through the endo-
membrane system. Organelles reminiscent of Golgi bodies were
more prevalent in SynAGP-GFP expressing tubes (Figure 7D)
then in tubes expressing the othertwo cargo molecules, prob-
ably because arabinogalactan modi cation takes place mainly
within the Golgi compariments. Cell surface labeling was never
observed for Sec-GFP or SynAGP-GFP, indicating that they
were ef ciently released to the medium upon vesicle fusion with
the apical membrane.

In order to examine the effect of downregulated Rab11b
acfivity on protein traf cking, Lat52-Flag-Rab11b(DN) trans-
formed plants (see Table 1)were crossed with pollen from plants
transformed by each of the GFP-labeled cargo transgenes
described above. Accumulation of the GFP-labeled cargo pro-
teins in these double transformed pollen tubes was abolished
(Figures 7B to 7D, nght-hand panels). Furthermore, a consider-
ably higher level of these proteins was retained intracellulany in
these double transformed pollen tubes relative to that observed
in control tubes expressing only the cargo protein (cf. Figures 7B
to 7D, nght-hand panels and their insets), consistent with re-
duced ef ciencyin secreting these cargo molecules. Because of
the highlyinhibitoryeffect ofRab11(CA)on pollen germination | its
effect on cargo traf cking was examined in transiently trans-
formed pollen that would have gemrminated before an inhibitory
level of this protein had accumulated. In the double transformed
pollen tubes, apical targeting of SecGFP and SynAGP-GFP was
also abolished, and intracellular retention of these cargo mole-
cules was prominent (Figure 7E). Together, these observations
indicate that pollen tubes with misregulated Rab11 activity were
compromised in their exocytic activity.

FM dyes are taken up ef ciently from the growth medium by
elongating pollen tubes (O'Driscoll et al., 1993; Camacho and
Malho, 2003; Parton et al., 2003). The temporal pattern of FM4-
64 labeling suggests an inttial internalization by endocytosis
followed by membrane recycling from the endosomal system
to the apex, resulting in the accumulation of FM4-64 labeled
transport vesicles in the clear zone (Figure 8A; Camacho and
Malho, 2003; Parton et al., 2003). When GFP-Rab11b express-
ing pollen tubes were treated with FM 4-64, the localization ofthe
fusion protein in the apical clear zone and in the retrograde
cytoplasmic stream overlapped with that ofthe uorescent dye
(Figures 8B and 8C), consistent with exocytic vesicles and
vesicles derived from endocytic membranes co-occupying the
apical clear zone. Expression of GFP-Rab11b({DN) or GFP-
Rab11b(CA) abolished the accumulation of these FM4-64
labeled vesicles at the tip (Figures 8D and 8E), suggesting
probable participation of Rab11 in the endocytic and recycling
processes.

Misregulating Rab11b Activity Affects Actin Organization
inthe Apical and Subapical Regions of Transformed
Pollen Tubes

Elongating pollen tubes characteristically maintain an elaborate
actin organization (see Hepler et al., 2001 and Figure 10)
Transformed pollen tubes that coexpressed Rab11b and
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GFP-Rab11b + FM4-64
Medial section

Figure 8. Rab11b(DN) and Rab11b(CA) Affect Endocytic Membrane Recycling.

(A) Epiflucrescence image of a wild-type pollen tube treated with FM4-64 (3.2 mM, 10 min). The accumulation of labeled transport vesicles in the apical
clear zone was as previously reported (Camacho and Malho, 2003; Parton et al., 2003).

(B) Epiflucrescence images of a GFP-Rab11b-expressing pollen tube treated with FM4-64 (3.2 mM, 10 min) taken in the green and red channels (top
and middle panels). The bottom panel shows a merged image of the green and red images.

(C} to (E} Confocal images of a GFP-Rab11b- (C}, a GFP-Rab11b({DN)- (D), and a GFP-Rab11{CA}-expressing (E}) and FM4-54 treated (3.2 mM, 10 min}
pollen tube. In {C}), the panel on the left shows a whole tube projection and that on the right shows a single medial optical section from the same tube.
The top to bottom images in each of the panels in (C) to (E) show the green, red, and merged images of the two, respectively.

In vitro-germinated stable transformed pollen grains were used in these analyses.

GFP-NtADF1, an actin binding reporter protein for live cell
imaging (Chen et al., 2002), showed a prominent actin mesh at
the subapical region subtended by long actin cables in the shank
(Figure 9A), similar to that typically seen in control GFP-NtADF1-
expressing pollen tubes (Figure 10; see also Chen et al., 2002;
Cheung and Wu, 2004). The subapical actin mesh is a highly
dynamic structure (Chen et al., 2002). It is highly sensitive to
pollen tube growth property and considerably more easily
dissipated when growth is perturbed (C.Y. Chen, A.Y. Cheung,
and H.-m. Wu, unpublished data; see also Cheung and Wu,
2004) than the long actin cables in the shank. When Rab11b{DN)
or Rab11b(CA) were coexpressed with GFP-NtADF1, actin
cables along the shank of these transformed pollen tubes were
by and large maintained, but the subapical actin mesh was

consistently abolished (Figures 9B to 9E). On the other hand,
short actin cables could be seen in the apical region, some
abutting the cell membrane and especially evident when single
optical sections were examined, but which were rarely observed
in control pollen tubes that maintained a vibrant actin mesh
(Figure 9A).

DISCUSSION

Rapid tip growth and a highly dynamic intracellular trafficking
system that targets transport vesicles to the apical clear zone
are hallmark characteristics of elongating pollen tubes. Results
reported here show that apical targeting of transport vesicles is
crucialfor rapid, tip-focused pollen tube growth and male fertility.
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C
GFP-NtADF1 + Rab11b(CA)

E GFP-NtADF1 +
Rab11b(CA)

Figure 9. Rab11b(DN) and Rab11(CA} Expression Is Associated with a Disrupted Actin Organization in the Pcllen Tube Apex.

Confocal images of pollen tubes cotransformed by Lat52-GFP-NtADF1 and Lat52-Rab11b, its DN or CA variant. Pollen grains were transformed by
microprojectile bombardment.

(A} A pollen tube cotransformed by Lat52-GFP-NtADF1 and Lat52-Rab11b. Asterisks indicate the location of the subapical actin mesh. The top panel
shows a whole tube projection, and the bettom panel shows contiguous optical sections where the subapical actin mesh was prominently observed.
(B) and (D) Pollen tubes cotransformed by Lat52-GFP-NtADF1 and Lat52-Rab11b(DN). These pollen tubes had elongated for ; 350 mm (B) and 70 mm
(D} at the time of observation. The top and middle panels in (B} show a whole tube projection and serial optical sections in the medial region of the tube
apex, respectively. The bottom panel in (B} shows a medial section of the slightly distal region cf the pollen tube. The Rab11b(DN}-induced bent was
evident in this region of the pollen tube. The left and right panels of (D} show a whole tube projection and the medial section of the same pollen tube.
(C} and (E) Pollen tubes cotransformed by Lat52-GFP-MtADF1 and Lat52-Rab11b(CA). These pollen tubes had elongated ; 150 mm (C) and 50 mm (E}
at the time of observation. The top and bottom panels of (C) show a whole tube projection and serial optical secticns in the medial region of the same

pollen tube. The top and bottom panels of (E} show a whole tube projection and the medial section of the same pollen tube.

They demonstrate that Rab11 GTPase-regulated membrane
trafficking activity underlies the targeted delivery of exocytic
and recycling vesicles to the pollen tube apex and efficient
transport of cell wall and secretory proteins to its cell surface. As
with most functional studies in Ras-related GTPases, expression
of DN or CA variants of Rab11b to perturb the Rab11 activity in
transformed pollen tubes was instrumental in revealing its
functional contribution to this tip growth process. Twenty-six of
the 57 Arabidopsis RAB genes encode Rab11 homologs; at least
10 of them have comparable levels of MRNA expression levels in
pollen, and none predominate (Pina et al., 2005; see also
www.cbs.umn.edu/arabidopsis/). Observations of several T-DNA
knockouts in some of these pollen-expressed RABAs did not
reveal noticeable reproductive phenotypes (A.Y. Cheung, un-
published data). Functional redundancy or overdapping functions
among closely related and coexpressed RABAs could have
compensated for the loss of function of any single gene.
Moreover, other Rab GTPases (e.g., Rab8 GTPases) may also
participate in post-Golgi vesicle trafficking, alleviating the prob-
lem adequately so male fertility is not observably affected in
Arabidopsis.

The prominent localization of GFP-Rab11b in the exclusively
transport vesicle-occupied apical clear zone of elongating pollen
tubes (Lancelle and Hepler, 1992; Derksen et al., 1995a, 1995b)
provides strong support for a predominant vesicle membrane
association for Rab11b. Where exactly in the endomembrane
system Rab11b acts is more difficult to decipher. For most Rab
GTPases, prenylated GDP-bound proteins are escorted from the
cytosol to their respective donor membrane system whereupon
GDP-GTP exchange occurs in response to cellular regulatory
signals (Alory and Balch, 2003; Sivars et al., 2003; Pfeffer and
Aivazian, 2004). Membrane fragments tagged with GTP-bound
Rabs bud off, andinteractions with their corresponding effectors
guide these vesicles to their respective target membrane sys-
tem. Not being capable of undergoing GDP-GTP exchange, DN
Rabs would have prolonged association with the donor mem-
branes. The prominent localization of GFP-Rab11b(DN) to Golgi
bodies (Figure 3) therefore suggests that wild-type NtRab11b is
most predominantly escorted to these organelles, tagging Golgi-
derived vesicles as they bud off. That GFP-Rab11b and GFP-
Rab11b{CA) also associated weakly with Golgi is consistent with
rapid activation of GFP-Rab11b upon insertion into the donor
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Figure 10. Compartmentalization of Endomembrane Components in
Elongating Pollen Tubes.

(A} A differential interference contrast image showing a granular cyto-
plasm in the shank of the tube and the apical clear zone, where the
cytoplasm gives a smooth appearance.

(B} A confocal image from the medial section of a pollen tube expressing
GFP-HDEL, revealing the endoplasmic reticulum system. The endoplas-
mic reticulum membranes are extensive and present throughout the
entire pollen tube except in the extreme apex (see also Parton et al.,
2003). The densest network can be seen at the subapical region.

(C} A confocal image from the medial section of a pollen tube expressing
GFP-Rab2, revealing the Golgi bodies (see also Cheung et al., 2002).
(D} A whole tube projection of confocal images of a GFP-Rab11b-
expressing polen tube showing apical concentration of transport vesicles.
(E) A confocal image from the medial section of a GFP-Rab5—expressing
pollen tube, revealing the endosomes.

(F) Whele tube projection of confocal images of the pollen tube actin
cytoskeleton as revealed by GFP-MtADF1 (Chen et al., 2002). GFP-
NtADF1 asscciates with the subapical actin mesh most prominently
(bottom). When expression level is higher, long actin cables are also
efficiently decorated (top).
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membranes, budding, and release of vesicles tagged by the
activated forms of Rab11b variants.

After vesicle docking with the target membrane, GTP hydro-
lysis and SNARE-mediated vesicle and target membrane fusion
occurs. The GDP-bound inactivated Rabs are then extracted
from the target membrane and recycled to the cytosol (Zerial
and McBride, 2001; Pfeffer and Aivazian, 2004; Seabra and
Wasmeier, 2004). With GTP hydrolysis substantially inhibited in
CA mutants, their release from target membranes would be
considerably retarded. Thus, the pollen tube cell membrane
association for GFP-Rab11b{CA) is consistent with defective
recycling of this protein from the plasma membrane. These
observations are consistent with Rab11b-tagged vesicles being
targeted to the pollen tube apical membrane. These and obser-
vations showing that efficient secretion of cell wall and secretory
proteins depends on proper targeting of Rab11b-tagged vesi-
clestothe apical clearzone (Figure 7) provide support for amajor
functional role for Rab11b in regulating the trafficking of Golgi-
derived vesicles to the cell membrane.

Members of the Rab11 family are also known to play prom-
inent roles in the recycling of receptor proteins from endosomes
directly to the plasma membrane or through the Golgi network
(Ullrich et al., 1996; Chen et al., 1998; Schlierf et al., 2000; Wilcke
et al., 2000; Band etal., 2002; Cheng et al., 2002; Volpicelli et al.,
2002; Molendijk et al., 2004). The temporal pattern of FM4-64
uptake into pollen tubes, initial internalization and labeling of
small organelles, followed by signal redistribution to a pro-
nounced accumulation in the apical clear zone showed that
endocytic membrane recycling also actively contributes to the
apical collection of vesicles (Parton et al., 2001; Camacho and
Malho, 2003). That altering Rab11b activity abolished the apical
accumulation of FM4-64 (Figures 8D and 8E) is consistent with
the participation by Rab11 in regulating the transport of recycled
vesicles to the pollen tube apex. Future studies should dissect
the functional specificity that most likely exists among the pollen-
expressed Rab11 isoforms in the overall exocytic and recycling
processes and how the functional specialization is achieved.

The normmal Rab11 activity level in pollen tubes apparently
supports growth rates optimum for reproductive success. The

Micrographs are used to provide a more vivid representation not achiev-
able by a schematic diagram. Mormaski optics reveal the reverse
fountain streaming pattern with organelles mobilized tipward along the
cortex, reversing directionality at the subapical region and moving
grainward alcng the center of the tube (see also Cheung, 2001). Golgi
bodies (Cheung et al., 2002) and endosomes (B.H.J. de Graaf, A.Y.
Cheung, and H.-m. Wu, unpublished data) follow the reverse fountain
streaming pattern but rarely invade the clear zone. Transport vesicles are
likely to be distributed throughout the tube cytoplasm butare maintained
at very high density in apical clear zone. Exclusive occupation by
transport vesicles in the apical clear zone was initially shown by trans-
mission electron microscopy (Lancelle and Hepler, 1992; Derksen et al.,
19854, 1995b) and is evident when vesicles and organelles are tagged by
GFP. Long actin cables along the tube reaching the subapical region are
responsible for mobilizing pollen tube organelles, and the dense actin
mesh at the subapical region may serve as a sieve to only permit vesicles
reaching the tube apex, along with being a structure that is tightly
coupled to growth (see Vidali et al., 2001; Chen et al., 2002).
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inhibited tube elongation observed in GFP-Rab11b{DN)- and
GFP-Rab11b{(CA)-expressing pollen tubes (Figures 4 and 6)
could largely be the consequence of retarded exocytic activities.
Observations that pollen tube width increased with increasing
GFP-Rab11b expression level (Figure 5B) indicate that cell
expansion had occurred at a broader apical region, resulting in
lateral cell expansion and, thus, wider tubes. That this coincided
with a broader distribution of GFP-Rab11b at the apical dome
also supports a tight linkage between Rab11b-mediated secre-
tory activity and cell growth.

Tip-focused pollen tube growth, on the other hand, is believed
to have resulted from spatially regulated exocytosis and endocy-
tosis around the apical dome, so peak cell expansion is main-
tained at the tube apex; when this spatial regulation is relaxed,
depolarized growth occurs (Camacho and Malho, 2003). There-
fore, the meandering growth observed for GFP-Rab11b{DN)- and
GFP-Rab11b{CA)-expressing tubes (Figure 5) has apparently
resulted from spatial disruption of the tip-focused vesicle delivery
system. Frequent bents, prevalently seen in GFP-Rab11b(CA}-
expressing tubes, suggest that the focal point of vesicular activity
around the apical dome had made frequent changes, resulting in
shifting growth trajectories that oscillated around an overall for-
ward growth direction. On the other hand, the less frequent twists
and tums seenin GFP-Rab11b(DN)—expressing tubes reflect their
ahility to maintain tip growth along a stable trajectory for a period
of time. However, once a subapical focus of peak secretory
activity was organized, subapical growth was sustained, giving
rise to pronounced tums that resulted in major changes in growth
direction, sometimes ending in a knotted phenotype (Figure 5).
These observations strongly support that tube growth direction is
tightly coupled to the spatial distribution of vesicular activities
focused at the growing tip membrane.

The reduced male fertility observed for plants expressing the
DN variant of Rab11b in their pollen was likely to be the combined
consequence of reduced tube growth rates and compromised
tube capacity to penetrate ovules (Figures 4 to 6). On the other
hand, since pollen germination was inhibited in grains that ex-
pressed even moderate levels of GFP-Rab11b(CA), this and the
considerably slower growth among the germinated tubes must
have been the major factors underlying the severely reduced male
fertility observed in the Lat52-GFP-Rab11b{CA) transformed
plants (Table 1; see Supplemental Table 1 online). The meandering
property of these pollen tubes undoubtedly would have compro-
mised their ability to target ovules (e.g., see Figure 5), although the
pollination process was never completed for ovule entrance in
vivo to be analyzed. Whether the localization of receptors for
female factors was affected in these pollen tubes thus contributing
to their compromised targeting ability is an interesting and im-
portant question to be explored in future studies.

Kinky pollen tubes have previously been correlated with
compromised male fertility in an Arabidopsis mutant, kinky poflen
(Procissi et al., 2003). Although where these pollen tubes failed in
vivo is not known, KINKY POLLEN encodes a putative secretory
protein. This and the kinky phenotype were used to suggest that
defects in membrane trafficking might have contributed to the
reproductive phenotypes observed in this Arabidopsis mutant
plant. Studies reported here on Rabl1b clearly show that
properly regulated membrane trafficking activity is key to suc-
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cessful sexual reproduction. That expression of either the DN or
CA Rab11b variant both negatively impacted pollen tube growth
properties and male fertility implies that a proper ratio of active to
inactive forms of Rab11b and its closely related isoforms that
share common interacting proteins must be stringently regulated
in order to maintain an optimum vesicular transport activity
targeted at the pollen tube tip. The less severe pollen tube growth
and male fertility phenotypes induced by the expression of the
DN variant of NtRab11b relative to those by the CA variant
suggest that perturbing the exit of vesicles from the Golgi and
their transport along the exocytic path is less disruptive than
inhibiting fusion of the docked vesicles with the cell membrane. It
is possible that post-Golgi vesicle trafficking to the plasma-
lemma is supported by multiple Rab GTPase-regulated path-
ways, whereas persistent docking on the cell membrane and
occupation of effectors by CA NtRab11b could have impeded
overall vesicle delivery and membrane recycling, thus more
severaly impacting cell growth.

Amost notable feature for elongating pollen tubes is the distinct
intracellular organization whereby various functional systems are
differentially distributed in the tube cytoplasm (Figure 10). Growth
defects invariably accompany disruption of this organization, and
the subapical actin mesh is most sensitive to growth perturbation,
as was observed in pollen tubas with misregulated Rab11b
activity (Figure 9). That the subapical actin mesh, tip-focused
secretory activity, and growth at the pollen tube apex are
functionally intertwined and Rab11kb contributes importantly to
maintaining this relationship are obvious from these observa-
tions. However, whether a direct functional relationship exists
between Rab11b and the mechanisms that maintain the organi-
zation and regulate the dynamics of the actin cytoskeleton in
pollen tubes needs to be further explored. The demonstration
here that pollen tube growth and reproductive success is com-
promised when apical targeting of transport vesicles is disrupted
underscores the importance of regulated vesicular transport in
these tip growth cells. Revealing how various Rab GTPases
participate in the different steps of vesicular transport in pollen
tubes should contribute to the general understanding of the
cellular machinery that underies this tip growth process.

METHODS

cDNA Isolation, Mutagenesis, Construction of GFP Fusion
Proteins, and Gene Expression Cassettes

cDNAs for a pollen-expressed Rab11 (Rab11b) (Haizel et al., 1995) and
Inv (Greiner et al., 1995) were obtained from tobacco (Micotiana tabacum)
pollen mRNA by RT-PCR. Mutation S28N and Q73L were introcduced
individually intc Rab11b by PCR-based mutagenesis (Ho et al., 1989;
lto et al., 1991) to produce Rab11b(DN} and Rab11b(CA), respectively.
N-terminal fusion of all three forms of Rab11b with GFP (Chiu et al., 1996)
or a FLAG tag and C-terminal fusion of Inv with GFP (Inv-GFP) were
constructed by PCR-based methodology. Inv-GFP, Sec-GFP (with a sig-
nal peptide sequence fused to the N terminus of GFP), and SynAGP-GFP
(with a signal peptide and a synthetic arabincgalactan protein fused to
GFP) (Shpak et al., 1999} were used as cargo molecules for the secretory
pathway. All chimeric genes were fused with the pollen-active promoter
LATS2 (Twell et al., 1930} either in pBluescript (pKS ) for microprojectile
bombardment to transiently transform pollen (Chen et al., 2002} or in
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a T-DNA. vector for Agrobacterium tumefaciens—-mediated transformation
to obtain stable transgenic plants (Delebrese etal., 1986). Figure 1 shows
a list of constructs used in this study.

Transformation, Genetic Crosses, and Analyses

Transformed tobacco plants were generated by Agraobacterium Ti plas-
mid transformation (Delebrese et al., 1988). Stable transformed pollen
grains from these plants were used for analyses unless indicated
otherwise. They were also used in genetic crosses to obtain double
transformed plants that expressed various forms of Rab11b and GFP-
|labeled cargo molecules in their pollen. Transgene segregation analyses
were performed by germinating seeds in tissue culture medium supple-
mented with kanamycin to score for the transformation marker gene.
Transient transformation of tobacco pollen by microprojectile bombard-
ment was performed as previously described (Chen et al., 2002).

Pollen Tube Growth

In vivo, semi-in vivo, and in witro pollen tube growth assays follow
previously described procedures (Cheunget al., 1935; Chen et al., 2002).
Pollen from transformed plants lines 21a, 153-12, 173-4, 173-8, 207-2,
and 207-3 Figure 1, Table 1) were used foranalyses. Treatment of invitro—
grown pollen tubes by FM4-84, BFA, and latrunculin B followed published
conditicns (Parton et al., 2001; Cheung et al., 2002). For in vivo and semi-
invivo pollen tube growth assays, pistils from nontransformed plants were
hand-pellinated. For semi in vivo growth assays, emasculated tobacco
flowers were pollinated with segregating populations of pollen from
Lat52-GFP-Rab11b, Lat52-GFP-Rab11b(DN), or Lat52-GFP-Rab11b(CA)
transformed plants with a single T-DNA insertion locus (lines 153-12,
173-8, and 207-2). Pollinated stigma-styles were excised at specified
hours (see figure legends) after pollination, and the cut stylar ends were
immersed in germination medium to allow further growth of pollen tubes
through the style and onto the medium. These cut pistils were examined
pericdically between 8 and 24 h after culturing to observe the emergence
of pollen tubes at the stylar end. Pollentubes within the transmitting tissue
were observed after bisecting the styles. All pollen tube growth experi-
ments were repeated at |east three times with comparable observations.

Microscopy

Bright-field and epiflucrescence imaging were performed con a MNikon
Eclipse ESB00 microscope equipped with a SPOT camera (Nikon). Most
images were taken by autoexposure. When the level of GFP fusion protein
expression was compared microscopically between individual pollen
tubes, identical exposure conditions were used among the samples.
Confocal microscopy was performed on a Zeiss 510 Meta system.

RNA and Protein Analyses

RMA and protein isclation and gel blot analyses followed previous
procedures (Wang et al., 1933, 1996), except that chemiluminescent
detection was used for some of the protein blots.

Accession Numbers

Sequence data from this article can be found in the EMBL/GenBank data
libraries under the following accession numbers: L29263 (Rab11b) and
%81834 (Inv). Accession numbers for genes in the alignment are showni in
Supplemental Figure 1 online.
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