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Actin cables in pollen tubes serve as molecular tracks for cytoplasmic streaming and organelle movement and are formed
by actin bundling factors like villins and fimbrins. However, the precise mechanisms by which actin cables are generated
and maintained remain largely unknown. Fimbrins comprise a family of five members in Arabidopsis thaliana. Here, we
characterized a fimbrin isoform, Arabidopsis FIMBRIN5 (FIMS5). Our results show that FIM5 is required for the organization of
actin cytoskeleton in pollen grains and pollen tubes, and FIM5 loss-of-function associates with a delay of pollen germination
and inhibition of pollen tube growth. FIM5 decorates actin filaments throughout pollen grains and tubes. Actin filaments
become redistributed in fim5 pollen grains and disorganized in fim5 pollen tubes. Specifically, actin cables protrude into the
extreme tips, and their longitudinal arrangement is disrupted in the shank of fim5 pollen tubes. Consequently, the pattern
and velocity of cytoplasmic streaming were altered in fim5 pollen tubes. Additionally, loss of FIM5 function rendered pollen
germination and tube growth hypersensitive to the actin-depolymerizing drug latrunculin B. In vitro biochemical analyses
indicated that FIM5 exhibits actin bundling activity and stabilizes actin filaments. Thus, we propose that FIM5 regulates
actin dynamics and organization during pollen germination and tube growth via stabilizing actin filaments and organizing

them into higher-order structures.

INTRODUCTION

In plants, the pollen tube extends rapidly via tip growth, thereby
allowing the movement of two nonmotile sperm cells through the
pistil for the purpose of double fertilization. Pharmacological
disruption of actin and genetic manipulation of the actin regula-
tory system have revealed that the actin cytoskeleton is a major
mediator of pollen tube growth (Gibbon et al., 1999; Chen et al.,
2002; Cheung and Wu, 2004; Xiang et al., 2007). Furthermore,
imaging of actin filaments has shown that distinct actin struc-
tures form in pollen tubes across different species. The consen-
sus view is that actin filaments can be divided into at least three
distinct structures in pollen tubes: longitudinal actin cables found
in the shanks of pollen tubes; dense actin structures, such as
collar-like structures or actin fringes, found at the subapexes;
and highly dynamic, but less abundant, actin filaments found at
the extreme tips (Kost et al., 1998; Fu et al., 2001; Lovy-Wheeler
et al., 2005; Cheung et al., 2008; Chen et al., 2009; Vidali et al.,
2009; Staiger et al., 2010). These distinct actin structures are
believed to perform distinct functions. In particular, actin cables
are believed to provide molecular tracks necessary for the
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intracellular trafficking events that support rapid tube extension.
However, the mechanisms by which actin cables are generated
and maintained remain largely unknown.

Actin cables are also present in other types of plant cells. It is
generally accepted that actin cables are important for numerous
cellular processes (Higaki et al., 2007; Thomas et al., 2009). In
addition to functioning as tracks for cytoplasmic streaming and
organelle movement (Tominaga et al., 2000a; Shimmen, 2007),
actin cables are also important for positioning of organelles, such
as nuclei (Ketelaar et al., 2002), and maintenance of cellular
architecture (Tominaga et al., 2000a). In addition, actin cables
have also been implicated in the response to biotic stress (Lipka
and Panstruga, 2005). Several classes of actin binding proteins
have been shown to play important roles in the formation of actin
cables in plants, including fimbrins, LIM proteins, certain formins,
and villins (Higaki et al., 2007; Thomas et al., 2009). However,
more direct genetic and biochemical evidence is urgently
needed to define the precise role of each bundling factor in the
formation and maintenance of actin cables. Our recent work has
shown that AFH3 is a major actin nucleator that is responsible for
de novo actin nucleation events that regulate the formation of
actin cables in the pollen tube (Ye et al., 2009). We proposed that
actin bundling factors function in concert with AFH3 to organize
AFH3-generated actin filaments into high-order structures (Ye
et al., 2009).

Fimbrins, which were originally identified from the protein ex-
tracts of chicken intestinal microvilli (Bretscher and Weber, 1980),
are well-characterized actin bundling proteins. Fimbrin/plastin
family members all contain two highly conserved actin binding
domains (ABDs). Each ABD contains two calponin-homology
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domains. The presence of two ABDs on the same polypeptide
enables a single molecule to bundle or cross-link two adjacent
actin filaments. The crystal structures of the core ABD domains of
Arabidopsis thaliana and Schizosaccharomyces pombe fimbrin
(fim1+) have been elucidated, and these structures reveal that the
two ABDs are aligned in an approximately antiparallel fashion
(Klein et al., 2004). The recently solved cryo-electron microscopy
structure of the F-actin/L-plastin complex led the authors to
propose that the two ABDs bind consecutively to two adjacent
actin filaments. Specifically, binding of ABD2 to an actin filament
subsequently activates ABD1 to bind an adjacent actin filament
(Galkin et al., 2008).

Fimbrins, also known as plastins, play important roles in various
actin-based processes across different species. For example,
T-plastin has been shown to localize to the core actin bundles of
microvilli and microspikes in epithelial cells (Bretscher and Weber,
1980; Daudet and Lebart, 2002), where it participates in assembly
of these structures (Arpin et al., 1994). The fimbrin homolog in
budding yeast, Sac6p, localizes to actin bundles and cortical actin
patches (Drubin et al., 1988). Mutations in SAC6 affect the
distribution and stability of actin cables, as well as actin patches,
consequently affecting morphogenesis and endocytosis (Adams
et al., 1991; Kubler and Riezman, 1993; Brower et al., 1995;
Karpova et al., 1995; Young et al., 2004). In vitro experiments have
revealed that recombinant Sac6p stabilizes actin filaments, pre-
venting depolymerization (Goode et al., 1999). These results
support an in vivo role for Sac6p in maintaining actin cables and
actin patches. Disruption of fimbrin in Aspergillus nidulans results
in delay of the establishment of cell polarity during condium
germination and induces abnormal hyphal growth (Upadhyay and
Shaw, 2008), suggesting that this protein plays a role in regulation
of polarized cell growth. In addition, fimbrin has been shown to
localize to the cortical region of the cleavage furrow in Tetrahy-
mena pyriformis and to the cortical actin patches and the medial
ring in the fission yeast S. pombe, suggesting a possible role for
fimbrin in cytokinesis (Wu et al., 2001; Shirayama and Numata,
2003; Wu and Pollard, 2005). Fission yeast fim1+ organizes actin
filaments into bundles in vitro, and loss-of-function of S. pombe
fim1+ increases the sensitivity of actin filaments to latrunculin A
treatment (Nakano et al., 2001), suggesting that fim7+ is involved
in stabilization of actin filaments in cytokinesis. Interestingly,
mutation of fimbrin in Dictyostelium does not affect growth,
endocytosis, exocytosis, or chemotaxis but causes a small cell
phenotype (Pikzack et al., 2005).

Five fimbrin-like genes are present in the Arabidopsis genome,
termed FIM1-5 (Staiger and Hussey, 2004). FIM1 has been
shown to bind and bundle actin filaments and stabilize them from
profilin-mediated actin depolymerization in vitro and in vivo
(Kovar et al., 2000). Compared with nonplant fimbrins, which
have two calmodulin-like calcium binding domains in their
N-terminal regions (de Arruda et al., 1990), Arabidopsis fimbrins
have poorly conserved calmodulin-like calcium binding domains
at their N terminus (McCurdy and Kim, 1998; Staiger and Hussey,
2004), implying that the activity of Arabidopsis fimbrins may not
be regulated by calcium. Indeed, Arabidopsis FIM1 has been
demonstrated to be a calcium-insensitive cross-linking factor
(Kovar et al.,, 2000). Furthermore, in contrast with nonplant
fimbrins, Arabidopsis fimbrins exhibit increased diversification

of the C termini (McCurdy and Kim, 1998; Staiger and Hussey,
2004), suggesting that Arabidopsis fimbrins may perform spe-
cific functions or be differentially regulated. However, the cellular
and developmental functions of fimbrins in plants remain un-
characterized.

In this study, we functionally characterized the Arabidopsis
FIM5, which is expressed preferentially in pollen. FIM5 was found
to decorate actin filaments in both pollen grains and pollen tubes.
fim5 mutants exhibit disorganization of actin filaments in pollen
grains and pollen tubes, resulting in a consequent delay in pollen
germination and inhibition of pollen tube growth. Loss of FIM5
function also renders pollen germination and pollen tube growth
hypersensitive to latrunculin B (LatB). Importantly, in vitro bio-
chemical analyses indicated that FIM5 is a bona fide actin cross-
linking factor that stabilizes actin filaments in vitro. Based on
these observations, we propose that FIM5 is a major regulator of
pollen germination and pollen tube growth through stabilization
of actin filaments and organization of these filaments into higher-
order actin structures.

RESULTS

FIM5 Contains Conserved ABDs

FIM5 initially caught our attention because it is expressed
preferentially in mature pollen (Honys and Twell, 2003; Pina
et al., 2005; see Supplemental Figure 1 online). We began by
obtaining the FIM5 protein sequence (accession number
At5g35700) from The Arabidopsis Information Resource data-
base. Analysis of the protein sequence revealed that the protein
consisted of 687 amino acids. Alignment of FIM5 with FIM1 and
fimbrins from other species showed that FIM5 is relatively
conserved and contains the core ABD. FIM5 was found to share
64.7, 33.3, and 30.5% protein sequence identity and 79.1, 49.2,
and 49.4% protein sequence similarity with FIM1, Sac6p, and
L-plastin, respectively (see Supplemental Figure 2 online). The
presence of conserved actin binding sites in FIM5 (see Supple-
mental Figure 2 online) implies that FIM5 may play a role in
conserved actin regulatory functions. Additionally, similar to
other Arabidopsis fimbrins, FIM5 possesses an extended
C-terminal region, which could be required for a specialized
activity or a distinct means of regulation.

FIM5 Loss-of-Function Mutants Exhibit Defects in the
Male Gametophyte

The biological function of FIM5 was investigated by character-
izing two T-DNA insertion lines, termed fim5-1 and fim5-2,
respectively (Figure 1A). Three independent pairs of primers
were designed to assess the levels of FIM5 transcripts in fim5
mutants. No full-length FIM5 cDNA or partial cDNAs were
detected in the fim5-1 and fim5-2 mutants (Figure 1B), indicating
that both insertion lines are null alleles.

Given that FIM5 is expressed preferentially in pollen, it is
reasonable to speculate that FIM5 deficiency may alter the
function of pollen. To test this hypothesis, genetic segrega-
tion experiments were performed. Self-crossing of plants
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Figure 1. T-DNA Insertions in the fim5-1 and fim5-2 Lines Generated
Null fim5 Alleles.

(A) Structure of the FIM5 gene (At5g35700). A total of 14 exons and 14
introns are present in the gene. Introns, exons, and untranslated regions
are defined by gray boxes, black boxes, and black lines, respectively.
The two T-DNA insertion lines, CS856909 (designated as fim5-1) and
CS853476 (designated as fim5-2), contained insertions in the 10th intron
and 13th exon, respectively.

(B) RT-PCR results demonstrated that the fim5-1 and fim5-2 lines
contain fim5 null alleles. Transcript expression levels in the insertion
lines were determined by RT-PCR using three independent pairs of
primers. elF4A was used as an internal control. The first pair of primers
(F5f1 and F5r1) was designed to amplify the FIM5 full-length cDNA,
which was not present in fim5-1 and fim5-2 mutant plants. The second
and third primer pairs, F5f2/F5r2 and F5f3/F5r3, were used to amplify
partial transcript 1 and partial transcript 2, respectively. RT-PCR results
showed that no partial FIM5 cDNAs were detected in fim5-1 and fim5-2
mutant plants. Lane 1, water (negative control; CK); lane 2, wild-type
(WT) Col-0; lane 3, fim5-1; lane 4, fim5-2.

heterozygous for fim5 led to a distorted segregation ratio that
differed significantly from the expected Mendelian ratio of 1:3
(Table 1; P < 0.001), suggesting a potential defect in male or/and
female gametophyte transmission. To distinguish between these
possibilities, reciprocal crosses were performed using plants
heterozygous for fim5 as either the male or female parent. Use of
heterozygous females in crosses with wild-type plants resulted in
no significant deviation in the transmission efficiency of fim5
(Table 2; P = 0.896 for fim5-1 and P > 0.9 for fim5-2). However,
when heterozygotes were used as male parents, strongly de-
creased transmission of fim5 was observed in the progeny (Table
2; P < 0.001), indicating that distorted segregation ratios were
due to defects in male gametophytes. In summary, loss of FIM5
function results in defects in male gametophytic function but not
female gametophytic function.

Loss of FIM5 Function Leads to Delayed Pollen Germination,
Inhibition of Pollen Tube Growth, and Pollen Tube
Morphological Abnormalities

The aforementioned results suggested that male gametophytesin
fim5 plants are abnormal. Therefore, to directly observe the
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behavior of male gametophytes of fim5 mutants, wild-type
stigmas were pollinated with pollen derived from wild-type
Columbia-0 (Col-0) and fim5 mutants. As shown in Figure 2,
pollen tubes of wild-type Col-0 had penetrated through style and
reached the top of transmitting tract 4 h after pollination (Figure
2A). By contrast, pollen tubes from fim5 mutants did not begin
to penetrate into the style at 4 h after pollination (Figures 2B
and 2C). By 12 h after pollination, wild-type Col-0 pollen tubes
reached the bottom of the transmitting tract and entered the
ovules (Figure 2F). By contrast, at the same time point, fim5 pollen
tubes had just passed by the style and intruded the transmitting
tract (Figures 2D and 2E). Further observation revealed that
fim5 pollen tubes were capable of reaching the bottom of the
transmitting tract and entering the ovules, as they did so by 24 h
after pollination (Figures 2G and 2H). Together, data from these
pollination experiments suggest that pollen germination on the
stigma is delayed and growth of the pollen tube in the style and
transmitting tract is inhibited in fim5 mutants.

Behavior of pollen from wild-type and mutant plants was also
assessed in vitro. Pollen derived from mutant plants exhibited a
reduction in the pollen germination percentage (Figures 3B and
3C) in comparison to wild-type Col-0 pollen (Figure 3A). Quan-
tification of these results revealed that the average germination
percentage was significantly reduced in fim5 mutants (P < 0.01;
Figure 3D). In addition to defects in pollen germination, the
average pollen tube length was also reduced in fim5 mutants (P <
0.01; Figure 3E). Additionally, the frequency of abnormal pollen
tubes was increased in fim5 mutants. A majority of the abnormal
pollen tubes comprised curled pollen tubes (Figure 3F). The
frequency of curled pollen tubes in fim5 mutants was significantly
higher than that of wild-type Col-0 plants (P < 0.01; Figure 3G).
Furthermore, the percentage of pollen tubes with clear zone,
which is one of the characteristic features of an elongating pollen
tube, is also reduced in the mutant (P < 0.01; Figure 3H). Loss of
the clear zone may at least partially account for growth defects
present in fim5 pollen tubes.

Defects in Pollen Tube Growth Are Rescued by
Complementation with FIM5-GFP

To determine whether defects in male gametophytes are indeed
due to loss of function of FIM5, complementation experiments

Table 1. Segregation Analysis of the fim5 Mutant Allele in Self-Crosses
of fim5 Heterozygous Plants

Progeny Genotype

Parental FIM5/fim5 and

Genotype FIM5/FIM5  fim5/fim5 Ratio P Value
FIM5/fim5-1 248 332 1:1.34  <0.0012
FIM5/fim5-2 168 248 1:1.48  <0.0012

fim5 heterozygous plants were allowed to self-cross, and the observed
segregation ratios of the progeny were compared with the expected
Medelian ratio 1:3. P values were calculated using the x? test.
aSignificant difference between the observed ratio and the expected
ratio.
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Table 2. Transmission Efficiency Analysis Using Reciprocal Crosses

Parental Genotype Progeny Genotype

Female X Male FIM5/fim5 FIM5/FIM5 TER? TEMm® P Value
FIM5/fim5-1 X wild type 117 115 101.7% NAP 0.896

Wild type X FIM5/fim5-1 49 373 NAP 13.1% <0.001¢
FIM5/fim5-2 X wild ype 32 32 100% NAP >0.900
Wild-type X FIM5/fim5-2 13 185 NAP 7% <0.001¢

Reciprocal crosses were performed between fim5 heterozygous plants and wild-type plants. The transmission efficiency (TE) of gametes was
calculated as folows: TE = number of progeny with the fim5 allele/number of wild-type progeny X 100%. The observed TE was compared with the
expected TE for normal gametes (100%). P values were calculated using the x? test.

aTEg, female transmission efficiency; TEy, male transmission efficiency.
bNA, not applicable.
cSignificant difference between the observed TE and the expected TE.

were performed by driving expression of FIM5-GFP (for green
fluorescent protein) under control of the native FIM5 promoter in
fim5 plants. As shown in Supplemental Figure 3A online, expres-
sion of FIM5 transcripts was restored in complemented lines,
indicating that the fusion protein was expressed. To determine
whether expression of FIM5-GFP rescues the phenotype of fim5
mutants, the in vitro pollen germination assay was performed,
and pollen tube lengths were measured. Results from these
analyses showed that the average pollen tube length of fim5
plants carrying the complementation construct was not signifi-
cantly different from that of wild-type Col-0 plants (see Sup-
plemental Figure 3B online), indicating that defects in male
gametophytes are indeed caused by loss of FIM5 expression.

FIM5-GFP Decorates Actin Filaments in Pollen Grains and
Pollen Tubes

Results from complementation experiments indicated that the
FIM5-GFP protein is functional, providing suitable means to
characterize the subcellular localization of FIM5. As shown in
Figure 4, FIM5-GFP decorated filamentous structures in both
pollen grains and pollen tubes. The filamentous structures were
distributed throughout the pollen grain (Figure 4A; see Supple-
mental Figures 4A and 4B online). In addition, the filamentous
structures appeared in pollen tubes of different lengths (Figures
4B to 4E; see Supplemental Figures 4C to 4l online). FIM5-GFP
decorated longitudinal filamentous structures in the shanks of
pollen tubes (Figures 4C to 4E) that were reminiscent of actin
cables previously reported to be present in Arabidopsis and lily
(Lilium longiflorum) pollen tubes (Lovy-Wheeler et al., 2005; Ye
etal., 2009). In addition, filamentous structures were also evident
at the subapexes of pollen tubes (Figures 4C to 4E). However,
fluorescence was less abundant at the extreme tips of pollen
tubes (Figures 4C to 4E). The FIM5-GFP filamentous structures
dispersed after treatment with LatB (see Supplemental Figure 5
online), suggesting that the filamentous structures are indeed
actin filaments. This further confirmed, by visualizing actin fila-
ments and FIM5-GFP simultaneously, that FIM5-GFP colocal-
izes with actin filaments in pollen grains and pollen tubes (see
Supplemental Figure 6 online). Together, these results suggest

that FIM5-GFP decorates actin filaments in both pollen grains
and pollen tubes. This localization pattern implies that FIM5 may
be an important regulator of actin organization and/or actin
dynamics in pollen grains and pollen tubes.

Thicker Actin Bundles Are Distributed Randomly and
Irregularly in fim5 Pollen Grains

Given that FIM5-GFP decorates actin structures in pollen grains
and pollen tubes, it is imperative to know whether loss of FIM5
function affects the organization of actin filaments in vivo. As
shown in Figure 5, actin filaments were distributed uniformly
throughout wild-type Col-0 pollen grains (Figure 5A). By contrast,
redistribution of actin filaments occurred in fim5 pollen grains
(Figures 5B to 5D). Specifically, thicker actin bundles were
present, and these bundles were distributed randomly and
irregularly in fim5 pollen grains (Figures 5B to 5D; see Supple-
mental Figure 7 online). The presence of thicker actin bundles in
fim5 pollen was confirmed by analyzing the fluorescence pixel
intensity of actin staining along the axis of pollen grains. Indeed,
the widths of the fluorescence peaks were increased in fim5
pollen grains compared with those of wild-type Col-0 pollen
grains (see Supplemental Figure 8D online). More thick actin
bundles appeared in fim5 pollen when they were subjected to the
fixation with paraformaldehyde followed by Alexa-488 phalloidin
staining (see Supplemental Figure 9 online), suggesting that the
occurrence of thick actin bundles in fim5 pollen is not because
actin filaments in fim5 pollen are more sensitive to the cross-
linking effect of 3-maleimidobenzoic acid N-hydroxysuccinimide
ester.

To determine whether redistribution of actin filaments and
presence of thick actin bundles were sustained throughout
pollen germination in fim5 mutants, we visualized actin filaments
in germinating pollen. As shown in Figure 5E, actin filaments were
distributed uniformly throughout the pollen grains and converged
at the germination aperture in germinating wild-type Col-0 pollen
grains. However, more randomly distributed and irregular actin
bundles were present in germinating fim5-1 pollen (Figures 5G,
51, and 5K). Importantly, actin filaments were distributed uni-
formly in pollen grains from fim5 plants complemented with
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Figure 2. Loss of FIM5 Function Results in Delayed Pollen Germination and Inhibited Elongation of Pollen Tubes.

Pollen grains from wild-type Col-0 and fim5 mutants were used to pollinate wild-type stigma. Pollen tubes were visualized by aniline blue staining.
Arrows indicate pollen tubes in transmitting tracts. Asterisks mark representative pollen tubes that invade the ovule. hap, hours after pollination. Bars =

100 pum.

(A) Pollen from wild-type (WT) Col-0 germinated for 4 h.
(B) Pollen from fim5-1 germinated for 4 h.

(C) Pollen from fim5-2 germinated for 4 h.

(D) Pollen from fim5-1 germinated for 12 h.

(E) Pollen from fim5-2 germinated for 12 h.

(F) Pollen from wild-type Col-0 germinated for 12 h.

(G) Pollen from fim5-1 germinated for 24 h.

(H) Pollen from fim5-2 germinated for 24 h.

FIM5-GFP (see Supplemental Figures 10C and 10D online),
indicating that changes in actin filament organization and mor-
phology are indeed due to loss of FIM5 function. Together, these
results indicate that loss of FIM5 function induces formation of
thick, irregular actin bundles that are sustained throughout pollen
germination.

Actin Cables Are Disorganized and Protrude into the Tips of
Pollen Tubes in fim5 Mutants

The distribution of the actin cytoskeleton in fim5 pollen tubes was
also investigated. In wild-type Col-0 pollen tubes, actin filaments
were present as distinct structures, dependent on their location
within the tubes. Specifically, actin filaments were less abundant
in the apical region of the pollen tube but formed a dense
structure at the subapical region with numerous longitudinal

actin cables extending throughout the shank (Figure 6A). By
contrast, the overall distribution of the actin cytoskeleton was
disrupted in fim5 pollen tubes, although the extent of disruption
varied greatly. In some fim5-1 pollen tubes, longitudinal actin
cables appeared relatively normal, but they invaded into the
extreme tip, rather than terminating at the base of the tip of the
pollen tube. The actin filaments at the extreme tips of the pollen
tubes also assumed different organizations (Figures 6B and 6C).
In other fim5-1 pollen tubes, besides actin cables protruding into
the apical region, the dense structures normally present at the
subapex were absent (Figures 6D and 6E). In a third group of
fim5-1 pollen tubes, actin filaments were disorganized through-
out the entire pollen tube (Figures 6F to 6l). For example, actin
cables in these pollen tubes did not assume a strict longitudinal
arrangement parallel to the growth axis, and actin filaments in the
subapical and apical regions were also disorganized.
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Figure 3. Loss of FIM5 Function Decreases Pollen Germination, Inhibits Pollen Tube Growth, and Increases the Frequency of Morphologically
Abnormal Pollen Tubes in Vitro.

Pollen grains from wild-type Col-0 and fim5 mutants were germinated on Arabidopsis pollen germination medium; the germination percentage, pollen
tube length, and morphology were analyzed.

(A) Representative image of wild-type Col-0 pollen germinated for 3 h.

(B) Representative image of fim5-1 pollen germinated for 3 h.

(C) Representative image of fim5-2 pollen germinated for 3 h. Bar = 100 um.

(D) Graph of the pollen germination percentage at 3 and 6 h. Black columns represent germination percentage of pollen at 3 h; white columns represent
germination percentage of pollen at 6 h. Error bars represent + Sg, **P < 0.01, by x2 test. WT, wild type.

(E) Graph of pollen tube length at 3 and 6 h. Black columns represent lengths of pollen tubes at 3 h; white columns represent lengths of pollen tubes at
6 h. Error bars represent * SE, **P < 0.01, by Kruskal-Wallis test.

(F) Enlarged images of pollen tubes. (a) Normal pollen tube from wild-type Col-0; (b) to (g) different types of curled pollen tubes from fim5 mutants. Bar =
20 pm.
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Figure 4. FIM5-GFP, Expressed under Control of the FIM5 Promoter, Decorates Actin Filaments in Pollen Grains and Pollen Tubes.

Representative images of complemented fim5 plants showing that FIM5-GFP decorates actin filaments in pollen grains (A) and in pollen tubes of
differing lengths ([B] to [E]). About 50% of pollen tubes show accumulation of GFP signal at the subapical region, as shown in (E). The step size of optical
section is 0.5 wm for pollen grains and 0.4 um for pollen tubes. Maximal projection of confocal optical sections throughout the entire pollen grain or
pollen tube was performed. See more examples in Supplemental Figure 4 online. Bars = 10 pm.

To quantify irregularities in the longitudinal arrangement of actin
cables in the shanks of pollen tubes, we determined the angles
formed between actin cables and the elongation axis of the pollen
tube. These angles in wild-type Col pollen tubes were generally
smaller than 20°, and no angles were determined to be larger than
50°. However, in the shanks of both fim5-1 and fim5-2 pollen
tubes, the angles formed between actin cables and the elongation
axes were substantially increased, with some angles greater than
60° (Figure 6J). In summary, these data suggest that FIM5 is
required for proper organization of actin cables in pollen tubes

The Pattern and Velocity of Cytoplasmic Streaming Are
Altered in fim5 Pollen Tubes

Actin filaments are believed to provide tracks for intracellular
trafficking events, including cytoplasmic streaming, which was
also defined as the coordinated flow of cytosol that carries small
organelles (Avisar et al., 2008; Ueda et al., 2010). Therefore, the
disorganization of actin filaments in fim5 pollen tubes suggests
that cytoplasmic streaming could be affected in these mutants.
As shown in the supplemental movies (see Supplemental Movies
1 and 2 online), cytoplasmic streaming occurred in a reverse
fountain pattern in a large number of wild-type Col-0 pollen tubes.
Specifically, cytosolic organelles moved to the tip of the pollen

tube by traveling along the cortex (red arrows) and then reversed
direction and moved back into the inner part of the pollen tube
(green arrows) after reaching the subapex (Figure 7A, a).

In contrast with wild-type plants, the reverse fountain pattern
of cytoplasmic streaming was disrupted in fim5 pollen tubes.
One of the most obvious and common phenotypes was that large
cytosolic organelles invaded the extreme tip of the fim5 pollen
tubes, leading to a loss of the clear zone normally found at the tip
(Figure 3H). Furthermore, the overall movement of cytosolic
organelles appeared to be random and irregular in fim5 pollen
tubes. Two primary types of cytoplasmic streaming patterns
were often observed in fim5 pollen tubes (shown in Figure 7A, b
and c). The first pattern resulted in complete disruption of the
reverse fountain pattern, as the movement of cytosolic organ-
elles was random and cytosolic organelles moving toward dif-
ferent directions can be seen at a specific location; some
cytosolic organelles show oscillatory movement (Figure 7A, b;
see Supplemental Movies 3 and 4 online). This pattern was
present in >80% of fim5 pollen tubes. The second pattern
appeared similar to the first pattern, but in some regions of the
pollen tubes, cytosolic organelles were crowded together (filled
circles) (Figure 7A, c; see Supplemental Movies 5 and 6 online).
The second pattern was present in ~20% of fim5 pollen tubes.

Figure 3. (continued).

(G) Graph showing the frequency of curled pollen tubes. Black bar represents wild-type Col-0, gray bar represents fim5-1, and white bar represents

fim5-2. Error bars represent + sp, **P < 0.01, by x? test.

(H) Graph showing the percentage of pollen tubes with normal clear zones. Black bar represents wild-type Col-0, gray bar represents fim5-1, and white

bar represents fim5-2. Error bars represent + sp, **P < 0.01, by x? test.
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Figure 5. Actin Filaments become Redistributed and Form Thick Bundles in fim5-1 Pollen Grains and Nascent Germinating Pollen.

As the pattern of actin organization was similar in fim5-1 and fim5-2 pollen grains, only fim5-1 pollen grains are shown in this figure. Arrows in (F), (H), (J),

and (L) indicate the germination aperture. Bars = 5 pm.
(A) Wild-type Col-0 pollen grains.

(B) to (D) fim5-1 pollen grains. The frequency of actin staining pattern shown in (D) is ~27%. See Supplemental Figure 7 online for more images of actin

cytoskeleton redistribution in ungerminated fim5 mutant pollen grains.
(E) Germinating wild-type Col-0 pollen.

(F) Corresponding bright-field image of (E).

(G) Germinating fim5-1 pollen.

(H) Corresponding bright-field image of (G).

(I) Germinating fim5-1 pollen.

(J) Corresponding bright-field image of (I).

(K) Germinating fim5-1 pollen.

(L) Corresponding bright field image of (K).

In addition to characterizing the pattern of cytoplasmic
streaming, we also selected cytosolic organelles from several
independent pollen tubes that exhibited continuous movement
(Figure 7B), at least over a detectable distance, to determine the
velocity of cytoplasmic streaming. Results from this analysis
showed that the velocity of cytoplasmic streaming was signifi-
cantly reduced in fim5 pollen tubes compared with wild-type
pollen tubes (P < 0.001; Figure 7C). Based on these observa-
tions, loss of FIM5 function appears to alter the pattern and
reduce the rate of cytoplasmic streaming in pollen tubes.

Pollen Germination and Pollen Tube Growth Are
Hypersensitive to LatB in fim5 Mutants

The aforementioned results suggest that FIM5 is a major
regulator of actin organization in pollen grains and pollen

tubes. We next sought to assess the effects of LatB treatment
on fim5 pollen. To determine the effects of LatB on pollen
germination, pollen derived from wild-type Col-0 plants and
fim5 mutants was germinated on medium containing varying
concentrations of LatB. For wild-type Col-0 pollen, the germi-
nation percentage was minimally affected at LatB concentra-
tions below 2 nM (Figure 8A). However, the pollen germination
percentage of fimb mutants decreased in a dose-dependent
manner across a range of LatB concentrations below 2 nM
(Figure 8A). These results suggest that germination of fim5s
pollen was more sensitive to LatB treatment than that of the
wild type.

In addition to assessing pollen germination, we also deter-
mined whether growth rates of wild-type Col-0 and fim5 pollen
tubes are differentially affected by LatB treatment. As shown in
Figure 8B, the growth rate of both wild-type Col-0 and fim5 pollen
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Figure 6. Actin Cables Are Disorganized and Protrude into the Extreme Tips of fim5-1 Pollen Tubes.

Actin filaments were stained with Alexa-488 phalloidin. As the pattern of actin organization was similar in fim5-1 and fim5-2 pollen tubes, only fim5-1

pollen tubes are shown.
(A) Wild-type Col-0 pollen tube.

(B) to (I) Representative images of fim5-1 mutant pollen tubes showing different extents of actin filament disorganization.
(B) and (C) Actin cables in the shanks of the pollen tubes are relatively normal, but actin filaments protrude into the tips of pollen tubes and exhibit

aberrant structures.

(D) and (E) Actin cables are relatively normal, but actin filaments in the subapical and apical regions of the pollen tubes are disorganized.
(F) to (I) Actin filaments are disorganized throughout the entire pollen tube. Bar = 10 um.

(J) Loss of FIM5 function leads to an increase in the average angle between actin cables and the pollen tube elongation axis. Actin cables visible in the
shanks of pollen tubes were selected, and the angles formed by each actin cable and the elongation axis were determined. A total of 180 actin cables
were analyzed. As shown in the histogram, the majority of actin cables in wild-type Col-0 pollen tubes formed angles <20° with the elongation axis, and
the angles were seldom larger than 35°. In fim5 pollen tubes, however, approximately half of the actin cables formed angles >20° with the elongation

axis. Additionally, angles >45° were also frequently observed in the shanks of fim5 pollen tubes.

tubes was inhibited by treatment with LatB in a dose-dependent
manner. Half-maximal inhibition of growth occurred at ~4 nM
LatB for wild-type Col-0 pollen tubes. In comparison, the growth
rate of fim5 pollen tubes was more strongly affected at lower
concentrations of LatB compared with wild-type Col-0 pollen
tubes, and half-maximal inhibition of growth occurred at ~2 nM
for fim5 pollen tubes (Figure 8B), which represented an estimated
twofold decrease. Together, these results suggest that loss of
FIM5 function increases the sensitivity of both pollen germination
and pollen tube growth to LatB, implying that FIM5 regulates pollen
germination and pollen tube growth through stabilization of actin
filaments.

FIM5 Binds Actin Filaments with High Affinity

As the preponderance of evidence indicated that FIM5 is a major
regulator of actin organization in pollen, we next sought to
investigate the biochemical basis for the function of FIM5. To
determine the actin regulatory activities of FIM5 in vitro, recom-
binant FIM5 was produced in Escherichia coli and purified to
homogeneity (Figure 9A). The ability of the recombinant protein
to bind to actin filaments was initially determined using a high
speed cosedimentation assay. As shown in Figure 9B, FIM5
binds and cosediments with actin filaments. To determine the
equilibrium dissociation constant (Ky) for this interaction, the
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Figure 7. The Pattern and Velocity of Cytoplasmic Streaming Were Altered in fim5 Pollen Tubes.

(A) Schematic representations of cytoplasmic streaming patterns in wild-type and mutant pollen tubes. (a) Patterns in wild-type Col-0 pollen tubes. (b)
and (c) Patterns in fim5 pollen tubes. Patterns shown in (b) and (c) occurred in ~80 and 20% of fim5 pollen tubes, respectively. Red arrows and green
arrows represent the directions of cytosolic organelles moving acropetally and basipetally, respectively. Filled circles indicate cytosolic organelles that
crowd together and cannot move forward. Large cytosolic organelles in wild-type Col-0 pollen tubes seldom enter the extreme apex, whereas those in

fim5 pollen tubes enter the tip frequently.

(B) Single frames at 1-s intervals are shown. Three independent cytosolic organelles that show continuous movement were labeled with three different
colored arrows. a1 to a10, wild-type Col-0; b1 to b10, fim5-1; c1 to c10, fim5-2. Bar = 10 pm in ¢10.

(C) Velocity of cytoplasmic streaming was significantly reduced in fim5 pollen tubes. Error bars represent mean * SD. **P < 0.01, ANOVA test followed
by Dunnett post-hoc multiple comparisons. Only the cytosolic organelles with continuous movement were selected for velocity analysis. Black column,

wild-type (WT) Col-0; gray column, fim5-1; white column, fim5-2.

amount of unbound FIM5 in the supernatant was plotted versus
the amount of bound FIM5 in the pellet, and the data were fitted
with a hyperbolic function. This analysis yielded a representative
Kqvalue of 0.75 uM (Figure 9C). Additional experiments yielded a
mean Ky value (+sD) of 0.71 = 0.04 wM for binding of FIM5 to

actin filaments. For comparative purposes, the representative K4
value was determined to be 0.51 wM for FIM1 (Figure 9C), which
is similar to the published value for this interaction (Kovar et al.,
2000). These results indicate that FIM5 binds to actin filaments
with high affinity.
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Figure 8. Loss of FIM5 Function Increases the Sensitivity of Pollen
Germination and Pollen Tube Elongation to LatB.

(A) Pollen germination is more sensitive to LatB in the absence of FIM5.
The germination percentage after 12 h for wild-type (WT) Col-0, fim5-1,
and fim5-2 treated with the vehicle (DMSO) were 98, 90, and 92%,
respectively. All results were normalized to these percentages to gen-
erate a relative germination percentage of 100% for all controls. The
relative germination percentage was plotted versus the concentration
of LatB. A minimum of four independent experiments was conducted
for each concentration. Error bars represent mean = SE. *P < 0.05 and
**P < 0.01, by x2 test.

(B) Pollen tube elongation was more sensitive to LatB treatment in the
absence of FIM5. The average elongation rates for vehicle (DMSO)
controls were 126, 46, and 41 um/h for wild-type Col-0, fim5-1, and
fim5-2, respectively. All results were normalized to these rates to
generate a relative elongation rate of 1.0 for all controls. Relative pollen
tube elongation rate was plotted versus concentration of LatB. A min-
imum of three independent experiments was conducted for each con-
centration. Half-maximal inhibition of elongation occurred at ~4 nM for
wild-type Col-0 and ~2 nM for fim5. Error bars represent mean * SE.
*P < 0.05 and **P < 0.01 (ANOVA test followed by Dunnett post-hoc
multiple comparisons).

FIM5 Bundles and Stabilizes Actin Filaments in Vitro

It is a general feature of fimbrin family members to bundle actin
filaments. Therefore, to determine whether FIM5 bundles actin
filaments, a low-speed cosedimentation assay was employed.
As shown in Figure 10, a majority of the actin remained in the
supernatant in samples containing actin alone (Figure 10A, lane

Arabidopsis FIMBRINS 3755

1). By contrast, most of the actin sedimented in the presence of
FIM5 (Figure 10A, lane 4), indicating that FIM5 bundles actin
filaments. To determine whether FIM5 bundling activity was
regulated by calcium, actin filaments were incubated with 1 uM
FIM5 in the presence of varying concentrations of calcium prior
to sedimentation. As shown in Figure 10B, the amount of pelleted
actin was not substantially different in the presence of varying
concentrations of calcium, suggesting that the bundling activity
of FIMS5 is calcium insensitive.

Formation of actin higher-order structures induced by FIM5
was also characterized by light scattering, which has previously
been used to assess the bundling activity of other actin binding
proteins (Huang et al., 2005; Michelot et al., 2005). In agreement
with results from cosedimentation assays, we found that addition
of FIM5 increased the absorbance of actin filaments in a dose-
dependent manner (Figure 10C), indicating that FIM5 induces
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Figure 9. FIM5 Binds Actin Filaments with High Affinity.

(A) Production of recombinant FIM5 protein. Lane 1, molecular mass
standard; lane 2, purified FIM5 protein.

(B) A high-speed cosedimentation assay was used to assess FIM5
binding to actin filaments. Lanes 1 and 2 contain actin alone, lanes 3 and
4 contain actin and 2 pM FIM5, and lanes 5 and 6 contain 2 uM FIM5
alone. S, supernatant; P, pellet.

(C) The concentration of bound FIM5 or FIM1 was plotted against the
concentration of free FIM5 or FIM1 and fitted with a hyperbolic function.
The representative Ky values for this particular experiment were 0.75 and
0.51 puM for FIM5 and FIM1, respectively.



3756 The Plant Cell
A B 120
1 23 4 56 7 3t W FIMs
100 S ’
123456 ERE ;.
- w — —FIM E 2
:é 60 ,“:sj s
5 g
< 4 3
- - w —ACT <= s S
20
SPSPSP
,,. 0 = 0.5
[Ca®],nM 10 10 100 1000 110°110° 1 10° 0 o1 05 10 20 30

FIM5 - + + + + + + £

G T T T T H ! ) 2
1 [FIMS3] 1 m(g;”ﬂl ]
w1000 1M <00 “M
; 500 nM S o
3 o8 ™ s 05 100 nM
g 100 nM g oe 50 nM
£ 06 5 1
2 50 nM 2 10 nM
9] 2 04 |
§ 04 100M | g - 3 nM
D 5nM [T 0.2 |
0.2 |
0 nM 0nM

0 200 400 600 800 1000 1200 1400 1600
Time, seconds

0 L :
0 200 400 600 800 1000 1200 1400 1600
Time, seconds

Figure 10. FIM5 Bundles and Stabilizes Actin Filaments.

(A) A low-speed cosedimentation assay was employed to assess the actin bundling activity of FIM5. Lanes 1 and 2 contain actin alone, lanes 3 and 4
contain actin +1 wuM FIM1, and lanes 5 and 6 contain actin + 1 uM FIM5. S, supernatant; P, pellet.

(B) FIM5 bundles actin filaments in a calcium-insensitive manner. F-actin (3 wM) was incubated with 1 uM FIM5 in the presence of the indicated
concentrations of free calcium. Graph shows the percentage of sedimented actin for each [Ca®*]ee value. Error bars represent + SE. Inset: SDS-PAGE
gel showing the amount of actin in the supernatant and pellet in the presence of the indicated concentrations of Ca2* after sedimentation at 13,6009 for
30 min at 4°C.

(C) Alight scattering assay was used to characterize the formation of higher-order actin structures induced by FIM5. The absorbance of the mixture was
monitored at 400 nm after 3 .M preassembled actin filaments were incubated with the indicated concentrations of FIM5 (black) or FIM1 (gray) for 30 min
at room temperature. Error bars represent =+ SE.

(D) to (F) Cross-linking of actin filaments was visualized directly by fluorescence microscopy for samples containing actin alone (D), actin + 1 uM FIM5
(E), and actin + 1 uM FIM1 (F). Bar = 5 pm.

(G) and (H) FIM5 and FIM1 inhibit dilution-mediated actin depolymerization. Graphs show representative results for the indicated concentrations of
FIM5 (G) and FIM1 (H). a.u., arbitrary units.

formation of higher-order actin structures, similar to FIM1 (Figure
10C), VLN1 (Huang et al., 2005), and Formin1 (Michelot et al.,
2005).

The formation of higher-order actin structures was also char-
acterized by direct visualization of actin samples stained with
rhodamine-phalloidin using fluorescence microscopy. Actin fila-

ments behaved as single filaments in the absence of FIM5 (Figure
10D). However, addition of 1 wM FIMS5 led to the organization of
actin filaments into bundles (Figure 10E). Like FIM5, FIM1 also
organized actin filaments into higher-order structures, but these
structures appeared to be more consistent with aggregates than
with bundles (Figure 10F), in agreement with a previous report



(Kovar et al., 2000). These observations suggest that two phy-
logenetically distinct fimbrins form different types of actin higher-
order structures.

To determine whether FIM5 stabilizes actin filaments, a dilution-
mediated actin depolymerization assay was employed. As shown
in Figure 10G, FIM5 inhibited dilution-mediated actin depoly-
merization in a dose-dependent manner, similar to FIM1 (Figure
10H). Taken together, these results suggest that FIM5 bundles
and stabilizes actin filaments.

DISCUSSION

Here, we functionally characterized Arabidopsis FIM5, a fimbrin
family gene that is expressed preferentially in pollen. Loss of
FIM5 function was shown to induce disorganization of actin
filaments in pollen, causing delayed pollen germination and
retarded pollen tube growth. In vitro biochemical analyses
revealed that FIM5 exhibits actin bundling activity and stabilizes
actin filaments. Consistent with its biochemical activities, FIM5
loss-of-function increases the sensitivity of pollen germination
and pollen tube growth to LatB treatment. In summary, our data
suggest that FIM5 regulates pollen germination and pollen tube
growth through stabilization of actin filaments and organization
of these filaments into higher-order structures. Thus, this study
provides key genetic evidence supporting a function for fimbrins
in regulation of actin organization in plants.

FIM5 Is a Bona Fide Actin Bundling Factor

The conservation of actin binding residues in FIM5 (see Supple-
mental Figure 2 online) led us to predict that this protein may
perform conserved actin-related functions. Indeed, several lines
of evidence support this hypothesis. First, high-speed cosedi-
mentation experiments showed that FIM5 binds actin filaments
with high affinity (Figure 9), with a K4 value very close to that of
FIM1 (Kovar et al., 2000). Second, a combination of low-speed
cosedimentation, light scattering, and fluorescence microscopy
assays unambiguously demonstrated that FIM5 bundles actin
filaments in vitro (Figures 10A and 10E).

Although both FIM1 and FIM5 clearly bind actin and promote
the formation of higher-order actin structures, notable differ-
ences were present in the morphology of low-speed sedimented
actin pellets in samples containing FIM1 and FIM5. In FIM1-
containing samples, the pellet was large and loose, as opposed
to the small, tight pellets found in FIM5-containing samples.
These differences suggest that FIM5 packs actin filaments into
more compact higher-order structures than FIM1. This finding is
consistent with the results of direct fluorescence light micros-
copy visualization of these actin higher-order structures. FIM5
induced the formation of actin bundles (Figure 10E), whereas
FIM1 induced the formation of actin aggregates (Figure 10F;
Kovar et al., 2000) in these experiments. The molecular mech-
anisms underlying the formation of these distinct actin higher-
order structures by two different fimbrin isoforms should be
further characterized in future studies.

Interestingly, FIM5 was also shown to bundle actin filaments in
a calcium-insensitive manner (Figure 10B), similar to FIM1 (Kovar
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et al., 2000). Calcium insensitivity could be due to poor conser-
vation of the N-terminal calmodulin-like calcium binding domain
(McCurdy and Kim, 1998; Staiger and Hussey, 2004). Calcium
insensitivity was also reported for chicken fimbrin (Bretscher,
1981) and S. pombe Fim1p (Nakano et al., 2001). By contrast,
plastins from mammalian cells (Namba et al., 1992; Lin et al.,
1994) and Dictyostelium (Prassler et al., 1997) have been shown
to be calcium sensitive. Another study reported that a fimbrin-like
protein from T. pyriformis lacks EF-hand domains (Watanabe
et al., 2000). These observations suggest that the effect of
calcium on fimbrin activity varies across species, implying that an
alternative mechanism likely regulates the activity of Arabidopsis
fimbrins. The extended C terminus present in both FIM5 and
FIM1 (see Supplemental Figure 2 online; McCurdy and Kim,
1998), as well as other Arabidopsis fimbrins (Staiger and Hussey,
2004), could be important for fimbrin regulation. However, cur-
rently, the functional significance of the extended C terminus in
plant fimbrins remains unclear.

FIM5 Is Required for the Organization of Actin Filaments in
Pollen Grains and Pollen Tubes

Actin filaments exhibit distinct distributions in pollen grains and
pollen tubes. The mechanisms by which these dynamic actin
structures are generated and maintained remain a mystery. In
this study, FIM5 was shown to decorate actin filaments through-
out pollen grains and pollen tubes (Figure 4), implying that FIM5
may be an important regulator of actin organization in pollen.
Consistent with this hypothesis, fim5 loss-of-function mutants
exhibited redistribution of actin filaments in pollen grains. Thick,
irregular actin bundles were present in fim5 pollen (Figures 5B to
5D) in comparison to wild-type Col-0 pollen (Figure 5A). This
phenotype resembles that of multiple myosin knockouts in which
more thick actin bundles appeared in the cells of midvein
epidermis (Peremyslov et al., 2010). Actin redistribution was
sustained throughout pollen germination and was also present in
germinating pollen (Figures 5G, 5I, and 5K). Importantly, expres-
sion of FIM5-GFP under control of the native FIM5 promoter
rescued actin organization defects in fim5 pollen grains (see
Supplemental Figures 10C and 10D), indicating that actin redis-
tribution is indeed due to loss of FIM5 function.

Convergence of actin filaments at the germination aperture
and establishment of distinct polarity in wild-type Col-0 pollen
grains (Figure 5E) facilitates the delivery of material necessary for
cell wall synthesis and membrane expansion, which are required
for emergence and elongation of the pollen tube. Redistribution
of actin filaments in fim5 pollen grains could affect transport of
these materials. Defect in transport may, therefore, underlie the
delay in pollen germination observed in fim5 mutants (Figure 3D).

In addition to pollen grains, actin filaments also become
disorganized in fim5 pollen tubes. The most obvious phenotype
was protrusion of actin bundles into the extreme tips of fim5
pollen tubes (Figure 6), which was associated with loss of the
clear zone (Figure 3H). This phenomenon resembles that of loss
of function of multiple myosin genes during root hair tip growth
that actin cables invaded into the tip of root hairs (Peremyslov
et al., 2010), implying that myosin and fimbrin may play similar
roles in maintaining actin cables away from the tip. In addition to
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protrusion of the actin cables, actin filaments at the tip of the
pollen tube also assume different distributions in fim5 mutants
(Figure 6), which may affect tip-targeted vesicle fusion and
docking events. Changes in vesicle docking may in turn alter
the direction of pollen tube growth and induce morphological
changes, such as the appearance of curled pollen tubes (Figures
3F, c to g, and 3G). The dense actin structures at the subapex
also become disorganized in fim5 pollen tubes (Figures 6D to 6l),
suggesting that FIM5 is also important for generating and/or
maintaining actin structures in this region.

Logically, it is difficult to understand why loss-of-function of an
actin bundling factor leads to an increase in filamentous actin at
the tips of pollen tubes. It could be that loss of FIM5 function
increases the action of actin depolymerizing factors, such as
profilin and ADF, which induces instability of actin filament in the
shank of pollen tubes. Consequently, it may lead to elevation of
cytosolic concentrations of actin monomers, which could be
subsequently used for polymerization of actin at the tips of pollen
tubes. Indeed, FIM1 was previously reported to prevent profilin-
mediated actin depolymerization in vitro and in vivo (Kovar et al.,
2000); another report demonstrated that T-plastin prohibited
cofilin-mediated depolymerization of F-actin in vitro (Giganti
et al., 2005). In this study, FIM5 was shown to protect actin
filaments from dilution-mediated actin depolymerization (Figure
10G), suggesting that this protein stabilizes actin filaments.
Similar results were observed for FIM1 (Figure 10H). In addition,
loss of FIM5 function renders pollen germination and pollen tube
growth hypersensitive to LatB (Figures 8A and 8B), further
supporting the hypothesis that FIM5 is involved in these pro-
cesses through stabilization of actin filaments.

We also found that actin cables in the shanks of fim5 pollen
tubes were disorganized. The majority of the actin cables were
not parallel to the growth axis of the pollen tubes, and the angles
formed between the actin cables and the elongation axis in-
creased substantially in fim5 pollen tubes (Figure 6J). These
results suggest that FIM5 plays an important role in maintaining
the strict parallel arrangement of actin cables in the pollen tube.
Actin cables were also distributed irregularly and randomly in
fim5 pollen grains (Figures 5B to 5D, 5G, 5, and 5K). Collectively,
these observations suggest that FIM5 mediates targeting of actin
cables to specific locations in the cytoplasm of pollen through an
unknown mechanism.

The thick actin cables present in fim5 pollen (see Supplemental
Figure 8B online) could be due to an increase in the distance
between adjacent actin filaments within individual cables and/or
an increase in the number of actin filaments per cable. Loss of
FIM5 function may lead to functional substitution of other bun-
dling factors, such as other pollen-expressed fimbrin isoforms
(FIM4 and FIM3; Pina et al., 2005), villins (VLN5 [Zhang et al.,
2010], VLN2, and VLN1 [Pina et al., 2005]), or LIM domain-
containing proteins (Wang et al., 2008; Thomas et al., 2009).
Actin cables formed in the presence of these other factors could
have longer distances between adjacent actin filaments. To
support this, we found that actin cables formed in vitro by FIM5
(Figure 10E) are relative compact compared with those formed
by FIM1 (Figure 10F; Kovar et al., 2000). Additionally, Cooley and
colleagues have proposed that assembly of actin cables may be
stepwise (Matova et al., 1999) and that villin initially brings actin

filaments together, followed by subsequent cable contraction by
fimbrin. It is not clear whether a stepwise assembly mechanism
also applies to assembly of actin cables in the pollen tube. If this
model holds true, FIM5 may function to tighten actin cables
initiated by pollen-expressed villins, such as VLN5 (Zhang et al.,
2010), VLN2, or VLN1 (Honys and Twell, 2003; Pina et al., 2005).
Based on these observations, it is reasonable to propose that
loss of function of FIM5 may induce a defect at the step of tight-
ening actin cables initiated by villins, leading to the appearance
of thicker actin cables. However, further genetic and biochemical
evidence is needed to validate this hypothesis. Nonetheless, the
possibility of increase in the number of actin filaments per cable
cannot be ruled out completely here.

Loss of FIM5 Function Affects Cytoplasmic Streaming in the
Pollen Tube

It is generally believed that the acto-myosin system powers
cytoplasmic streaming. Within this model, actin cables provide
molecular tracks; therefore, the pattern of cytoplasmic streaming
mirrors the arrangement of actin filaments, and actin cables have
been shown to be organized such that the plus ends face the
tip at the cortex, with opposite polarity in the middle of root hairs
and pollen tubes (Tominaga et al., 2000b; Lenartowska and
Michalska, 2008).

One of the most obvious phenotypes observed in fim5 mutants
was the entry of cytoplasmic streaming into the tips of the pollen
tubes (Figure 7A, b and c; see Supplemental Movies 3 to 6
online), leading to the loss of the clear zone (Figure 3H). This
observation is consistent with results showing that actin cables
protrude into the apical region of fim5 pollen tubes (Figure 6).
Entrance of cytoplasmic streaming into the tips of fim5 pollen
tubes could also be due to disorganization of actin filaments at
the subapex (Figures 6D to 6l). Given that the subapex contains
the location at which cytoplasmic streaming normally reverses
direction, disorganization of actin filaments in this region in fim5
pollen tubes may cause cytosolic organelles to proceed into the
tip. Movement of cytosolic organelles in the shanks of fim5 pollen
tubes was also altered. Compared with those in wild-type Col-0
pollen tubes (see Supplemental Movies 1 and 2 online), cytosolic
organelles did not move in a straight line toward the tip or the
base, suggesting that the tracks necessary for proper movement
were altered. These changes in movement were consistent with
results showing that actin cables are distributed randomly and
irregularly in fim5 pollen tubes (Figure 6).

In some regions of the fim5 pollen tubes, cytosolic organelles
appear to exhibit oscillatory movement and crowding, suggest-
ing that loss of FIM5 may alter the polarity of actin bundles.
Oscillatory movement of cytosolic organelles in fim5 pollen tubes
could result from alterations in the polarity of actin bundles in
these regions. Neighboring actin cables could have opposite
polarity, or actin filaments could have mixed polarity within
individual cables.

In addition to changes in the pattern of streaming, the velocity
of cytoplasmic streaming was significantly decreased in fim5
pollen tubes (Figure 7B). These results suggest that alterations in
the arrangement of actin cables impair myosin-based particle
movement. Certainly, contributions from alterations in actin



dynamics cannot be excluded as a possibility as well. The
decrease in the velocity of cytoplasmic streaming may contribute
to inhibition of pollen tube growth (Figure 3E). Collectively, these
results demonstrate that loss of FIM5 function reduces the
velocity and alters the direction of cytoplasmic streaming, which
may result from the alteration of the arrangement of actin cables
in fim5 pollen tubes.

METHODS

Identification of FIM5 T-DNA Insertion Lines

Two T-DNA insertion lines, fim5-1 (CS856909) and fim5-2 (CS853476),
with insertions in the FIM5 gene, were obtained from the Nottingham
Arabidopsis Stock Centre. Arabidopsis thaliana ecotype Col-0 was used
as the wild-type plant (wild-type Col-0). PCR from genomic DNA was
used to identify homozygous lines. Two sets of gene-specific primers
(fim5-1 LP, fim5-1 RP, fim5-2 LP, and fim5-2 RP), together with left border
primer (see Supplemental Table 1 online), were used to genotype T-DNA
insertion lines. Homozygous plants were identified and used for the
following phenotypic analyses.

To assess FIM5 transcript levels in fim5 mutants, RT-PCR was per-
formed. Total RNA was extracted from seedlings (7 d old) using Trizol
reagent (Invitrogen) according to the manufacturer’s instructions. To
synthesize cDNA, total RNA was reverse transcribed using MMLYV reverse
transcriptase (Promega) according to the manufacturer’s instructions.
Three independent pairs of primers (F5f1/F5r1, F5f2/F5r2, and F5f13F5r3;
see Supplemental Table 1 online) were used to determine the levels of
full-length and partial FIM5 transcripts. e/F4A was amplified as a control
for RT-PCR analysis.

Complementation Analysis

To complement fim5 mutants, we generated a FIM5-GFP expression
construct using the following procedures. Briefly, the FIM5 promoter
(including 1090 bp upstream of the start codon) was amplified using the
FIM5proFor and FIM5proRev primers (see Supplemental Table 1 online).
The resulting PCR product was cloned into the pMD19-T vector (TaKaRa
Biotechnology) and was subsequently inserted into the binary vector
pCambia1301-NOS between the Sall and BamHI sites. The EGFP and
FIM5 coding sequences were then sequentially transferred to the
pCambia1301-NOS vector containing the FIM5 promoter via digestion
with Smal/EcoRIl and BamHI|/Smal, respectively. The resulting expression
vector was termed pCambia1301 FIM5 pro:FIM5-EGFP-NOS. Primers
used for amplification of FIM5 and EGFP were FIM5For/FIM5Rev and
EGFPFor/EGFPRev, respectively (see Supplemental Table 1 online). The
EGFP-FIMS5 fusion construct was then introduced into fim5 plants using
the Agrobacterium tumefaciens strain GV3101 by the floral dip method
(Clough and Bent, 1998). Transgenic plants were selected on Murashige
and Skoog culture medium containing 25 wg/mL hygromycin.

Segregation Analysis

Self-crosses between FIM5 heterozygous mutants and reciprocal
crosses between FIM5 heterozygous mutants and wild-type plants
were performed as described previously (Howden et al., 1998). The
T-DNA was linked to the BAR gene, which conferred resistance to the
herbicide BASTA. Resistant seedlings were selected by spraying Finale
(AgrEvo) at a 1:1000 dilution after plants had germinated in soil for 5 d.
T-DNA-tagged male and female gametophyte segregation ratios were
calculated by counting BASTA-resistant and sensitive plants.
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Aniline Blue Staining Assay

Aniline blue staining of pollen tubes in pistils was performed as previously
described (Ishiguro et al., 2001). Briefly, pre-emasculated mature wild-
type flowers were pollinated either with wild-type, fim5-1, or fim5-2
pollen. After 4, 12, and 24 h, the pollinated pistils were incubated in fixing
solution containing ethanol:acetic acid (3:1) for 2 h at room temperature.
The fixed pistils were then washed with distilled water three times for 5 min
each, followed by incubation in 8 M NaOH softening solution overnight. The
following day, the pistils were washed in distilled water three times for 1 h
each. The pistils were then stained in aniline blue solution (0.1% aniline blue
in 0.1 M KxHPO4-KOH buffer, pH 11) for 3 to 5 h in the absence of light and
were observed using a Leica DM4500B fluorescence light microscope with
a X 10 objective (Leica Microsystems).

In Vitro Pollen Germination and Characterization of Pollen Grains
and Tubes

In vitro pollen germination was performed essentially according to
previously published methods (Ye et al., 2009). Briefly, pollen was
isolated from newly opened flowers and was placed on pollen germina-
tion medium [1 mM CaCl,, 1 mM Ca(NOg),, 1 mM MgSO,, 0.01% (w/v)
H3BO3, and 18% (w/v) sucrose solidified with 0.5% (w/v) agar, pH 7.0].
The plates were cultured at 25°C under moist conditions. To determine
the pollen germination percentage and the length of the pollen tubes,
pollen grains and pollen tubes were observed using an IX71 microscope
(Olympus) equipped with a X 10 objective. Digital images were collected
with a Retiga EXi Fast 1394 CCD camera (Qimaging) using Image-Pro
Express 6.3 software (Media Cybernetics). To calculate germination
percentage, a minimum of 500 pollen grains was counted in each
experiment. At least three experiments were conducted. The criteria for
counting germination percentage were according to the previous published
method that protrusion from the germination aperture was regarded as
positive germination (Gibbon et al., 1999). To calculate average pollen tube
length, 100 pollen tubes were measured in each experiment, and at least
three experiments were performed.

To assess morphological changes in pollen tubes caused by loss of
FIM5 function, wild-type and fim5 pollens were germinated for2hand 4 h
in vitro, respectively, at which time the average length of the pollen tubes
was ~100 um. Pollen tubes were then observed under a microscope
(IX71; Olympus) equipped with a X20 objective. Digital images were
acquired with a Retiga EXi Fast 1394 CCD camera using Image-Pro
Express 6.3 software. One hundred pollen tubes were included in each
replicate, and four independent experiments were conducted. To calcu-
late the percentage of pollen tubes with clear zone, wild-type and fim5
pollen tubes were germinated as described above and observed with a
X60 1.42 numerical aperture (NA) objective. Pollen tubes with apical
regions free of large organelles were counted as having clear zone, and
invasion of large organelles was scored as loss of clear zone. A minimum
of 70 pollen tubes was included in each experiment, and at least four
experiments were conducted.

To characterize the effects of LatB on pollen germination, the indicated
concentrations of LatB were added to pollen germination medium. Pollen
grains obtained from wild-type Col-0 and fim5 mutant plants were
germinated for 12 h in vitro. A minimum of 500 pollen grains was counted
to determine the germination percentage. To assess the effects of LatB
on pollen tube growth, pollen grains derived from wild-type Col-0 and
fim5 mutants were germinated for 2 and 4 h in normal germination
medium, respectively. Liquid germination medium containing the indi-
cated concentrations of LatB was then added to the surface of the solid
germination medium. Images of pollen tubes were taken as described
above at different time points after the addition of LatB. A minimum of 20
pollen tubes was examined to determine the average growth rate in each
experiment, and at least three independent experiments were performed.
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F-Actin Staining

The actin cytoskeleton was visualized according to previously described
methods (Gibbon et al., 1999; Snowman et al., 2002) with slight modi-
fications. Briefly, pollen grains were spread on the surface of pollen
germination medium and were fixed for 1 h in 300 ,.M 3-maleimidobenzoic
acid N-hydroxysuccinimide ester in liquid pollen germination medium.
The pollen grains were subsequently extracted with 0.05% Nonidet P-40
in liquid germination medium for 10 min. Fixed pollen grains were then
rinsed three times in TBSS (50 mM Tris-HCI, pH 7.5, 200 mM NaCl, and
400 mM sucrose) containing 0.05% Nonidet P-40 for 10 min each. The
pollen was then stained with 200 nM Alexa-488 phalloidin in TBSS
containing 0.05% Nonidet P-40 overnight at 4°C. To visualize the actin
cytoskeleton in pollen tubes, pollen grains from wild-type and mutant
plants were germinated for 2 and 4 h in vitro, respectively. The germinated
pollen tubes were then fixed and stained with Alexa-488 phalloidin
following the procedure described above for pollen grains. Images
were collected with a Leica TCS SP5 confocal laser scanning microscope
equipped with a X100 1.46 NA HC PLAN objective. The fluorescent
phalloidin was excited using the 488-nm line of an argon laser, optical
sections were scanned and captured, and three Kalman-filtered scans
were averaged for each optical section. Images were prepared by
generating projections of the optical sections through an individual pollen
grain or pollen tube.

Quantification of the Angles Formed between Actin Cables and the
Pollen Tube Growth Axis

The angles formed between each actin cable and the growth axis of
individual pollen tubes were analyzed using Imaged (http://rsbweb.nih.
goV/ij/, version 1.38). Curled pollen tubes were excluded from this
analysis because their growth axes were difficult to define. As actin
cables were nearly parallel to the growth axis in the shanks of wild-type
pollen tubes, only this region was used for quantification. For each pollen
tube, three to four optical sections were excluded between sections used
for analysis to ensure that each actin cable was analyzed only once. For
wave-like actin cables that formed more than one angle with the growth
axis, only the largest angle was used for quantification. A minimum of
five pollen tubes was selected randomly to obtain 180 cables in each
experiment and three replicates were conducted.

Analysis of Cytoplasmic Streaming

Wild-type and mutant pollens were germinated for 2 and 4 h, respectively,
as described above. Time-lapse images of cytoplasmic streaming were
collected at 1-s intervals using an Olympus IX71 microscope with
differential interference contrast optics equipped with a X60 1.42 NA
objective. Image capture was realized with a Retiga EXi Fast 1394 CCD
camera using Image-Pro Express 6.3 software. A minimum of 15 cyto-
solic organelles from at least five pollen tubes was selected randomly for
cytoplasmic streaming velocity determination in each replicate, and three
replicates were conducted. Only cytosolic organelles undergoing con-
tinuous movements were selected for velocity analysis. The distance
traveled by a selected cytosolic organelle during a given time was
determined with Image J (http://rsbweb.nih.gov/ij/; version 1.38).

Statistical Analysis

Several statistical analysis methods were applied for characterizing the
phenotypic difference between the wild type and fim5 mutant. Proportion
data, such as segregation ratio and pollen germination percentage, are
analyzed by 2 test. Other data that followed normal distribution were
analyzed by Student’s t test for comparison between two groups or
analysis of variance (ANOVA) test among three groups, followed by

Dunnett post-hoc multiple comparisons. Data that did not follow a normal
distribution were normalized (e.g., by square root transformation). If the
data still did not follow a normal distribution, they were analyzed with a
Kruskal-Wallis test followed by multiple comparison test, taking into
account Bonferroni’s correction to determine significant levels. Kruskal-
Wallis tests were conducted in R programming language (http://www.
R-project.org; version 2.10.1), and the following multiple comparison
tests were performed with kruskalmc function in the R package pgirmess
(http://CRAN.R-project.org/package=pgirmess; version 1.4.5).

Protein Purification

The full-length FIM5 cDNA was amplified by RT-PCR. Briefly, Arabidopsis
total RNA was purified from flowers using the Total RNA Isolation kit
(Promega). The FIM5 cDNA sequence was used as a reference to design
primers for RT-PCR (FIM5KGFor and FIM5KGRev; see Supplemental
Table 1 online). Amplified sequences were cloned into the pMD19-T
vector (TaKaRa Biotechnology). The resulting cDNA sequences were
verified by sequencing. For expression of FIMS in Escherichia coli, the
pGEX-KG-FIM5 vector was produced by cloning the FIM5 coding se-
quence into the pGEX-KG vector after digestion of both DNA sequences
using EcoRl. Fusion proteins were expressed in the E. coli BL21 DE3
strain by induction with 0.2 mM isopropyl B-D-thiogalactopyranoside
overnight at 16°C. GST-FIM5 was affinity purified using glutathione-
sepharose resin according to the manufacturer’s recommended protocol
(Amersham Biosciences). After extensive washing of the column, thrombin
(Sigma-Aldrich) was added to cleave GST, releasing FIM5. Fimbrin-
containing fractions were further purified by anion exchange chromatog-
raphy (Q-Sepharose; Amersham Biosciences). The resulting purified
protein was concentrated by ultrafiltration, aliquoted, flash-frozen, and
stored at —80°C. Prior to use, the protein was further clarified by
centrifugation at 200,000g for 1 h.

Actin was purified from acetone powder of rabbit skeletal muscle
according to previous methods (Spudich and Watt, 1971). Monomeric
Ca-ATP-actin was further purified using Sephacryl S-300 chromatogra-
phy at 4°C in G buffer (5 mM Tris-HCI, pH 8.0, 0.2 mM ATP, 0.1 mM CaCly,
0.5 mM DTT, and 0.1 mM imidazole) (Pollard, 1984). Pyrene-actin was
prepared by labeling actin at Cys-374 with pyrene iodoacetamide as
previously described for kinetic analysis (Pollard, 1984). Recombinant
Arabidopsis FIM1 was purified as previously described (Kovar et al.,
2000).

Low- and High-Speed Cosedimentation Assays

Low- and high-speed cosedimentation experiments were performed as
described previously (Kovar et al., 2000). Briefly, for the low-speed
cosedimentation assay, varying concentrations of FIM5 were incubated
with 3 wM preassembled rabbit muscle actin in F buffer (0.1 M KCI, 5 mM
MgCl,, 0.5 mM DTT, 0.5 mM ATP, and 5 mM Tris-HCI, pH 7.5) in the
presence or absence of calcium for 60 min at room temperature. The
resulting mixtures were then centrifuged at 4°C for 30 min at 13,600g.
After centrifugation, the supernatant (S) and pellet (P) fractions were
resolved on SDS-PAGE gels and stained with Coomassie Brilliant Blue.

To assess F-actin binding activity, varying concentrations of FIM5 (0.1
to 3.0 pM) were incubated with 3 wM F-actin for 60 min, followed by
centrifugation at 4°C for 30 min at 200,000g. After supernatants (S) and
pellets (P) were resolved on SDS-PAGE gels and stained as described
above, the intensities of the resulting bands were quantified by densi-
tometry using Image J software (http://rsbweb.nih.gov/ij/; version 1.38).
The apparent dissociation constant (Ky) value was determined by plotting
the amount of bound FIM5 versus free FIM5, followed by fitting the data
with a rectangular hyperbolic curve using KaleidaGraph software (Syn-
ergy Software).



Visualization of Actin Filament Cross-Linking by
Fluorescence Microscopy

Fluorescence microscopy was used to visualize the effects of FIM5 on the
organization of actin filaments into higher-order structures. The indicated
concentrations of FIM5 or FIM1 were incubated with 4 wM preformed
F-actin at room temperature for 30 min. Subsequently, actin filaments
were labeled with an equimolar concentration of rhodamine-phalloidin.
Actin filaments were then diluted to a final concentration of 10 nM in
fluorescence buffer (10 mM imidazole, pH 7.0, 50 mM KCI, 2 mM MgCl,,
1 mM EGTA, 100 mM DTT, 100 wg/mL glucose oxidase, 15 mg/mL
glucose, 20 pg/mL catalase, and 0.5% methylcellulose) as described
previously (Huang et al., 2003). The diluted samples were visualized using
a 1.42 NA X60 oil immersion lens mounted on an Olympus IX71 micro-
scope. Images were collected with a Retiga EXi Fast 1394 CCD camera
using Image-Pro Express 6.3 software.

Dilution-Mediated Actin Depolymerization Assay

To test the ability of FIM5 to stabilize actin filaments, a dilution-mediated
actin depolymerization assay was performed in a manner similar to a
previous report (Huang et al., 2003). Briefly, varying concentrations of
FIM5 or FIM1 were incubated with 5 uM preassembled actin filaments
(50% pyrene-labeled) at room temperature for 5 min. The mixtures were
then diluted 25-fold in G buffer. Actin depolymerization was tracked
by monitoring the decrease in pyrene fluorescence for 1200 s at room
temperature using a spectrofluorometer (Photon Technology Interna-
tional).

Light Scattering Assay to Characterize Filament Bundling Activity

Actin bundling activity of FIM5 was also analyzed using a light scat-
tering assay, which was essentially performed as previously described
(Michelot et al., 2005). Briefly, the indicated concentrations of FIM5 or
FIM1 were added to a solution containing 3 wM preassembled actin
filaments, and the resulting mixtures were incubated for 30 min at room
temperature. The samples were then analyzed for 90° light scattering of
unlabeled actin at 400 nm with a spectrofluorometer (Photon Technology
International).

Accession Numbers

Sequence data from this article can be found in GenBank/EMBL or
Arabidopsis Genome Initiative database under the following accession
numbers: FIM1 (Arabidopsis fimbrin1, NP_194400; At4g26700), FIM5
(NP_198420; At59g35700), Sacbp (Saccharomyces cerevisiae, NP_
010414), and L-plastin (NP_002289).
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